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INTRODUCTION 

The central grassland of North America is among 
the most thoroughly investigated of all vegetational 
regions. Weaver and his students (Weaver 1950, 
1954a, 1954b; Weaver & Fitzpatrick 1934; Weaver 
& Albertson 1956; Steiger 1930; Tolstead 1942; 
Coupland 1950; Dyksterhuis 1946, 1948; and Albert- 
son 1937; et al.) have treated in detail the composi- 
tional variation within the grasslands and changes in 
composition due to habitat pressures. Conard (1952) 
presented a phytosociological account and Curtis 
(1955) a continuum analysis. This wealth of material, 
of interest to plant ecologists, agronomists, range 
management specialists, and conservationists, has been 
reviewed by Hanson (1938, 1950). 

The broad distributional patterns of various spe- 
cies within grassland vegetation have challenged a 
number of workers. Olmsted (1944) and his students 
have investigated the possible role of different light 
period sequences. They report that genetically differ- 
ent types of Bouteloua occur at different latitudes, 
those requiring longer light periods for flowering in 
the north and those requiring shorter light periods itt 
the south. Evidence of ecotypic variation within 
Schizachyrium scoparium Nash. been 


has demon- 


strated with earlier flowering types from more western 
and northern areas and later flowering types from 
eastern and southern areas (Cornelius 1947) and with 
latitudinal types having different requirements of 
light period (Larsen 1947). MeMillan (1956a, 1956h, 
1957, 1959) has demonstrated within 10 grass species 
a correlation between variation patterns and geo- 


graphical position. In addition to these accounts of 
grass variation, studies by the Soil Conservation Serv- 
‘This study was aided by funds from National Science 


Foundation Grant G-3809 and from the Nebraska Agricultural 
Experiment Station. 
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LITERATURE CITED 307 
ice have produced considerable unpublished informa- 
tion on variation. 

Significant clues to understanding grassland dis- , 
tribution are provided by plant behavior. The inter- 
pretation of behavior lies in the separation of the two 
variables primarily affecting it: (1) the site variable, 
involving both differences from point to point, micro- 
habitat, and from year to year, annual fluctuation, 
and (2) the genetic variable, that is, differences in 
responses to the habitat due to the different 
genetic potentials of the individuals involved. Axio- 
matically, the genetic potential of an individual con- 
trols its expression in a particular site, and there- 
fore, an individual may be potentially an early-flow- 
ering plant, but whether it flowers or not will depend 
upon the conditions of .its environment. The trans- 
plant garden, as employed by Clausen, Keck & Hiesey 
(1940) and others, has been useful in providing a 
habitat in which the site variable is near the minimum. 
It has allowed the expression of genetic potentials, 
The green- 
house, representing a minimum in site variable, has 
been useful in studying the effect of light period on 
maturity. Observations in the natural habitats have 
wmdicated the combined influence of the site variable 
and the genetic variable in plant behavior. 

A series of studies (MeMillan 1956a, 1956b, 1957, 
1959) on the nature of the grassland type of commu- 
nity were begun in Nebraska and are being con- 
tinued in Texas. These studies utilize the concept 
community for one or more populations in a common 
spatial arrangement (McMillan in press) and use the 
concept population for one or more individuals of a 
close genetic lineage in a common spatial arrange- 
ment. The inclusion of only one individual in a given 
area creates a population of one, and a community 
of one population. Normally. a population has more 


same 
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than one member and usually these are referable to 
one species. The individual upon which this vegeta- 
tional. hierarchy is based owes its identity to a dis- 
tinct physiology and a distinct morphology which are 
expressions of its genetic potential under a given set 
of environmental conditions. 

In these grassland studies, variation from indi- 
vidual to individual within a population has been 
stressed as has variation from population to popula- 
tion, both between communities and within a com- 
nunity. Where as numerous studies have emphasized 
the individual and populational variation, the ap- 
proach offered here is the analysis of a number of 
populations from a given area as a means of determin- 
ing the variation from community to community. 

As drawn here, the line surrounding a grassland 
community is an arbitrary one which may or may not 
ceincide with a distinction in vegetational composi- 
tion. These geographic communities have been desig- 
nated by the mame nearest the collection site (Lin- 
eoln community, Devils Lake community, ete.) They 
extend from Montana, Manitoba, and Minnesota 
southward to northern Texas and New Mexico. Other 
studies in progress extend this investigation into all 
parts of Texas and into Mexico. 

Although past usage of the various grassland 
areas was not critically determined, present condition 
was observed. Some areas studied are ungrazed rail- 
road prairies, though these are in the minority (south- 
ern and eastern Iowa, southeastern South Dakota, 
II}inois, eastern Missouri, and northeastern Okla- 
homa). Most represent large areas of grazed native 
grassland and still others are from ungrazed areas at 
the edge of larger grazed regions. The ideal, to con- 
sider only areas with similar past and present usage, 
is unattainable in the grassland area today. 

The communities selected contained broadly dis- 
tributed grass species and were in areas with a mini- 
mum of disturbance to insure the presence of mate- 
rial for this study. In western sites, locations with 
diverse habitats were most apt to support the species 
being studied. 

The changes in species composition which result 
from grazing may yield communities which are genet- 
ically different from those not grazed (Kemp 1937). 
The role of biotic selection in ecotypic variation within 
grassland remains to be studied. 

The goal of the present study is to further under- 
standing of the nature of grassland vegetation, par- 
ticularly the causes of its continuity over a broad 
geographic area. The role of ecotypic variation in 
the distribution of the North American grasslands 
will be analyzed as the possible mechanism which has 
allowed an apparently uniform vegetation (i.e., the 
geographic repetition of combinations of certain 
species and genera) to be elaborated over an obviously 
non-uniform habitat. 


MATERIAL AND METHODS 


A grid pattern was outlined for the community 
collections. With Lincoln, Nebraska, as a base point, 
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the longitudinal and latitudinal grid-lines extended 
through central United States and adjacent Saskatch- 
ewan and Manitoba. Each tentative community 
site was approximately 100 mi from any other site. 
Although the pattern was modified by the availability 
of material, the grid remains roughly apparent in a 
plotting of the actual collection sites (Fig. 1). 
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Fig. 1. Flowering of transplanted clones of Schiza- 
chyrium scoparinm at Lineolu, Nebr. during 1957. For 
each clone, the number of days, after June 15, required 
for initial flowering in the transplant garden is indicated 
beside the collection sites which are represented by dots. 
At locations marked with filled triangles the pairs of 
numbers indieate the extreme responses within popula- 
tions of eighteen clones. 


The collection of clonal materials was especially 
suited to the study. Clones of all the selected species- 
populations within a community were dug at one 
time, whereas seed collections would have involved 
a number of trips to each site for the inclusion of 
earlier- and later-flowering types. The clonal material 
had, the further advantage of providing plants that 
were growing in the community and had been selected 
by the conditions of that particular habitat. The 
possibility of. a greenhouse bias in germination was 
thus avoided. 

Most of the clonal material was transplanted to 
the garden at Lincoln during the growing season of 
1956 and most flowered during that summer. Certain 
collections, principally from Missouri, southern Okla- 
homa, New Mexico, and Texas, were added during 
1957. 

From any one community site as many as 12 spe- 
cies-populations were sampled. These included: the 
Andropogon gerardi Vitman-hallii Hack. complex, 
Bouteloua curtipendula (Michx.) Torr., B. gracilis 
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(H.B.K.) Lag., Elymus canadensis L., Koeleria cris- 
tata (L.) Pers., Oryzopsis hymenoides (Roem & 
Schult.) Ricker, Panicum virgatum L., Schizachyrium 
scoparium Nash., Sorghastrum nutans (L.) Nash., 
Sporobolus heterolepis (A. Gray) A. Gray, Stipa 
comata Trin. & Rupr., and S. spartea Trin. 

The community sites which were included (Fertile, 
Minnesota; Devils Lake, Stanley, Wyndmere, Tuttle, 
Dickinson, North Dakota; Watertown, Sioux Falls, 
Murdo, Buffalo, Black Hills, South Dakota; Miles 
City, Wolf Point, Montana; Wheatland, Laramie, 
Wyoming; Lake Okoboji, Auburn, Vinton, Fairfield, 
Creston, Iowa; Urbana, Illinois; Manhattan, El Do- 
rado, Dodge City, Hoxie, Kansas; Flagler, Peyton, 
Lamar, Colorado; Ponea City, Enid, Woodward, Ada, 
Muskogee, Oklahoma; Cameron, Hannibal, Nevada, 
Anderson, Missouri; Denton, Benjamin, Lubbock, 
Amarillo, Texas; and Fort Sumner, New Mexico, in 
addition to several from Nebraska) and the number of 
species involved dictated that the sample size be re- 
duced to the minimum. Three clones were arbitrarily 
chosen to represent a species-population at any com- 
munity site. As many as 36 clones were removed 
from one site. In selecting the samples, clones were 
taken at random within the species-population unless 
differences in maturity were evident. The extremes 
and an intermediate of the population were then 
sought. 

The clones, in large plastic bags within cardboard 
boxes, were expressed or trucked to Lincoln. This 
technique allowed rapid collecting at a large number 
of community sites. One series of clones near Miles 
City, Montana was collected by W. L. Tolstead, and 
part of the material from Urbana, Illinois was col- 
lected by L. R. Heekard. 

Before planting, each clone was divided into two 
segments. The species-population was thus repre- 
sented by three clones in duplicate. The responses of 
members of the same clone were particularly useful 
in analyzing population samples in which the ex- 
tremes were separated by several weeks (e.g. in an 
Oklahoma population of Panicum virgatum, both seg- 
ments of clone 1225 flowered on July 26, 1957, and seg- 
ments of clone 1226 flowered on Sept. 15). In most 
clones, the responses of the two segments were al- 
most identical. In the few clone segments with 
noticeably different behavior, morphological differ- 
ences suggested that they were genetically distinct 
individuals. 

Clonal material from Nebraska, collected from 
1953-1955 for earlier investigations (MeMillan 1956a, 
1956b, 1957), was included for comparison with ma- 
terial from the broad geographic area. 

Certain clones in Stipa spartea, Koeleria cristata, 
and Elymus canadensis, were collected on a transect 
from Lincoln, Nebraska, to Minnesota and from cen- 
tral Nebraska to Urbana, Illinois in 1955. These 
clones were observed during 3 growing seasons in the 
uniform garden. 

Observations during the first season of establish- 
ment are not used. The observations for this compari- 
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son were made from March to late October during 
1957 and 1958. The early spring activity and the 
flowering behavior required observations at 2 or 3 day 
intervals. In early March, the previous year’s foliage 
was removed by burning. 

The phases of development recorded were earliest 
active development of buds, appearance of first leafy 
shoots, elongation of flowering culms, emergence or 
exsertion of the inflorescence, and initial anthesis. 
Additional notes included data on the ultimate plant 
height and on vegetative dormancy. Flowering dates 
for transplanted material are those of first recorded 
anthesis, unless otherwise noted. The relative earliness 
of initial flowering or anthesis is used as a measure 
of maturity. The time of floral initiation was studied 
in a series of clones during 1958. For selected clones 
from the geographic range of a species, 3-4 culms 
were dissected and measured at weekly intervals until 
the inflorescence emerged. 

Precipitation during 1957 and 1958 was above 
normal at the transplant site, and adequate moisture 
was available throughout the growing season. An ex- 
tremely heavy downpour on July 1, 1957, caused 
flooding to a depth of 1 m in the vicinity of the trans- 
plant garden. Drainage occurred in a few heurs 
but the force of the flooding knocked over some plants 
and weighted others with debris. All plants recovered 
very quickly when the debris was removed. 

Clones from 6 communities were investigated in 
the greenhouse under 3 light periods. The 6 commu- 
nities were selected to represent a north-south series 
(Fertile, Minnesota; Lincoln, Nebraska; Ponea City, 
Oklahoma) and a west-east series (Peyton, Colorado; 
Harrisburg, Lincoln, Nebraska; and Fairfield, Iowa). 
The community samples removed from the experi- 
mental garden on Jan. 1, 1957 included 2 clones of 
each of 6 species. Duplicate pieces of each clone 
were placed under 1214-hr, 14-hr, and 1514-hr light 
periods. The 1214-hr and 14-hr tables, surrounded 
by movable black canvas curtains, received extensions 
of 9-hr of natural light supplemented and extended 
by incandescent light (200-watt Mazda bulbs provid- 
ing an intensity of 100- to 200-fc. at foliar height). 
The 1514-hr tables received the normal daylength 
supplemented and extended by incandescent light. Ob- 
servations were continued until early December. 

Developmental stages within each community were 
recorded at the time of collection. Additional notes 
were taken in many of the communities in 1957 and 
1958 for an impression of flowering trends related 
to the natural habitat. 


TRANSPLANT GARDEN STUDIES 


SprinG ActTIvITY 

Because of the diversity of the 12 species studied, 
differences in spring activity were anticipated. Clones 
of Koeleria cristata, Stipa spartea, S. comata, Ory- 
zopsis hymenoides, and Elymus canadensis were vege- 
tatively vigorous under the low temperatures and 
lengthening light periods of late March and early 
April regardless of collection site. They were grow- 
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ing considerably before the activation of buds in the 
other species. 

During mid- to late April of both 1957 and 1958, 
slightly earlier spring activity was displayed by 
Bouteloua gracilis, B. curtipendula, and Sporobolus 
heterolepis than by Schizachyrium scoparium and 
Sorghastrum nutans. The latest to resume growth 
were the Andropogon gerardi-hallii complex and Pani- 
cum virgatum. Clones of Bouteloua gracilis and B. 
curtipendula from a latitudinal gradient, Devils Lake, 
N. D., Sioux Falls, S. D., Manhattan, Kan., Ponca 
City, Okla., had active buds during the period from 
April 18 to 21, 1957 and from April 12 to 15, 1958. 
Clones of the A. gerardi-hallii complex from the same 
locations resumed growth between April 24 and 26, 
1957, and between April 16 and 18, 1958. Those of 
P. virgatum showed resumed growth between April 
24 and 28, 1957, and between April 14 and 18, 1958. 

Different thresholds for spring activity are indi- 
cated for the different species. Certain temperature 
phenomena, though not critically determined, appar- 
ently trigger spring activity. Studies in progress on 
grass dormancy indicate that growth resumption in 
Panicum virgatum and the Andropogon gerardi-hallii 
complex occurs in the dark under the stimulus of the 
proper temperature. 

Certain differences in the time of growth resump- 
tion are to be expected from one year to the next. 
Since the sequences of temperature vary considerably 
from one year to the next, the time of activity varies 
among the species. In certain years, such as 1956, 
the earlier appearance of a warm period produced 
considerably earlier spring activity in Bouteloua gra- 
cilis and B. curtipendula than in the Andropogon 
gerardi-hallii complex and Panicum virgatum. In 
other years, such as 1958, a sustained warm period 
reduced the difference in time of spring activity 
among these species. 

While there was no indication of a correlation be- 
tween relative earliness of a clone and the latitudinal 
or altitudinal position of its collection site, there were 
slight but definite differences from one clone to an- 
other within a species. For example, certain clones 
of the A. gerardi-hallii complex maintained a charac- 
teristic time of growth resumption in greenhouse 
studies. In P. virgatum, certain clones were poten- 
tially early in spring activity. Differences among the 
clones were evident in the fall and winter, but were 
not shown after longer storage under coo] conditions. 
There is a distinet possibility that variation within 
the species might be demonstrated with respect to the 
time of spring activity. Current studies in a Texas 
transplant garden indicate a far greater span in the 
time of growth resumption within a species than was 
shown in the Nebraska garden. 


FLORAL INITIATION 
There appeared to be no direct correlation be- 
tween the time of floral initiation and the time of in- 
florescence emergence within a species. Northern 
plants showed early floral initiation and they also 
matured rapidly. For the southern clones, the span 
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of time between floral initiation and inflorescence 
emergence was longer. In Panicum virgatum, clones 
with inflorescence emergence on June 10 had initiated 
floral primordia 2 wks earlier. For those with the 
expansion of the inflorescence on July 4, 34-514 wks 
separated this stage from the time of floral initiation. 
In the species examined, two wks usually separated 
floral initiation and the emergence of the inflores- 
cence among the early-flowering clones. A period of 
4-5 wks usually separated these stages in the late- 
flowering clones. 

In Schizachyrium scoparium, floral initiation was 
shown in late May by clones from Devils Lake, N. D., 
Wolf Point, Mont., Fertile, Minn., and Buffalo, S. D. 
Clones from Iowa, Missouri, Kansas, and Oklahoma 
initiated floral development during the last 2 wks in 
June. Those clones initiating floral development 
during the first week of July were from Oklahoma, 
New Mexico and Texas. 

Clones of Panicum virgatum from the northern 
communities had floral initiation before June 1. Those 
from Oklahoma, among the latest, initiated floral de- 
velopment by mid-June. The latest floral develop- 
ment (June 20) was in a clone from northern Texas. 

In the Andropogon gerardi-hallii complex, north- 
ern and western clones had floral initiation by June 1. 
Clones from Iowa, Kansas, eastern Colorado, Ne- 
braska and Missouri showed floral initiation during 
the first three weeks of June. The latest clones were 
from Oklahoma and Texas, initiating floral primordia 
during the last week of June. 

For both Bouteloua species, floral primordia were 
produced by clones from the entire area by mid-June. 
Among the latest were clones from Oklahoma, Kan- 
and Texas. The northern and western clones 
reached a similar stage during May. 

The latest floral initiation was shown in Sorghas- 
trum nutans. Clones from Oklahoma and Texas had 
barely initiated flowering primordia by mid-July but 
those from Watertown, S. D. reached initial anthesis 
almost 2 wks earlier. A gradient in floral develop- 
ment was shown in mid-July from Watertown to 
northern Oklahoma. 

For northern communities, floral initiation oc- 
curred in the series of species during May. For 
southern communities, initiation occurred primarily 
in June and early July. In these northern communi- 
ties, triggering of flowering responses occurred prior 
to the longest light periods of mid-summer, while in 
the southern communities, most of the floral initia- 
tion oceurred during the longest light periods, 


sas 


FLOWERING PATTERNS 

Three general patterns of flowering behavior were 
shown in the transplant garden. (1) The trend of 
earlier flowering by clones from northern and western 
communities and progressively later flowering south- 
ward and eastward was shown in Panicum virgatum, 
Schizachyrium scoparium, the Andropogon gerardi- 
hallii complex, Sorghastrum nutans, Sporobolus heter- 
olepis, Koeleria cristata, Bouteloua gracilis, and B. 
curtipendula. (2) The trend of earliest flowering of 
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clones from southern communities, intermediate flow- 
ering from northern and western sites, and latest 
flowering from eastern sites was shown only by Ely- 
mus canadensis. (3) The absence of a geographically- 
oriented flowering trend was indicated for Stipa spar- 
tea, S. comata, and Oryzopsis hymenoides. 

1. The first flowering pattern includes those species 
which flowered progressively later in the garden from 
sites toward the south and east. Of these, Schizachy- 
rium scoparium was represented from most communi- 
ties. The trend for earliest flowering during 1957 
from northern North Dakota, Montana, Wyoming and 
Colorado with progressively later flowering toward 
Oklahoma is shown in Fig. 1. The dates indicated 
within Nebraska are for clones which have been ob- 
served in the transplant garden since 1954. At the 
5 locations indicated by filled triangles, the pair of 
dates express the extremes within populations of 18 
clones (MeMillan 1956b). 

In the flowering dates of Schizachyrium scoparium 
for 1958 (Fig. 2), the basic trend of 1957 was re- 
peated. Earliest flowering was again shown by clones 
from the northern and wester sites. Earliness was 
shown by clones studied during 1958 from Saskateh- 
ewan, Manitoba, and northern Montana. In 1958, the 
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Fig. 2. Flowering of transplanted clones of Schiza- 


chyrium scoparium at Lineoln, Nebr. during 1958. For 


each clone, the number of days before (—) and after 
June 15 for initial flowering is indicated. 
ment of the clones at a 
Fig. 1. 
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virgatum at Lincoln, Nebr. during 1957. For each clone, 
the number of days after June 15 required for initial 
flowering in the transplant garden is indicated. The 


numbers are listed beside the collection sites. 


trend of later flowering toward the south and east was 
again displayed. Among the latest clones were those 
from southern Oklahoma and Texas. 

Most clones of Schizachyrium scoparium had dit- 
ferent flowering dates during 1957 and 1958. The 
least deviation in time of flowering was shown among 
the earliest flowering clones. Among many of the 
latest flowering clones, anthesis was reached 2 to 3 
wks earlier during 1958. The number of days in 
1957 that had been required for flowering by the 
latest clones from northern Oklahoma was required by 
plants from northern Texas during 1958. 

Although the flowering dates for the Nebraska 
clones of S. scoparium have differed slightly from 
year to year, the same geographic trend has been 
indicated each year. From the westernmost popula- 
tion, all 18 clones flowered before July 1, 1955 (Me- 
Millan 1956b). Only one clone had flowered before 
that date in 1956, while 13 clones had flowered be- 
fore that date in 1957. 
in Nebraska indicated a similar trend with flowering 
before August 1 by 15 clones in 1955, two clones in 
1956 and 7 clones in 1957. These Nebraska popula- 
tions were not studied during 1958. 

Although somewhat more restricted in distribution 
than S. scoparium, Panicum virgatum shows a 
spicuous trend of earliest flowering in northern and 
western sites (Fig. 3-4). The span of flowering dates 
is similar for both P. virgatum and S. scoparium along 
most geographic gradients. The anthesis dates for 
1957 listed within Nebraska are for clones which have 
been in the garden since 1953. 


The easternmost population 


con- 
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Fig. 4. The 1958 flowering dates for transplanted 


clones of Panicum virgatum. Dates before June 15 are 
indicated, e.g. —3; other dates are arranged as in Fig. 3. 
Two clones from Urbana, Il, not indicated on figure, 
reached anthesis 19 and 26 days after June 15. 


As was shown by clones of Schizachyrium, the 
least deviation in time of flowering was among the 
earliest. Most of these clones from northern and 
western sites reached anthesis in mid-June. The 
earliest, a clone from central Colorado, was 3 days 
earlier in 1958. The latest-flowering clones during 
1957, had somewhat earlier anthesis dates in 1958. 
The latest flowering in 1957 was by a northern Okla- 
homa clone in mid-September. In 1958, a northern 
Texas clone flowered in early September. 

From 1954-57, the Nebraska clones of P. virgatum 
varied only slightly in the time of initial anthesis. 
The earliest flowering of the clones from western 
Nebraska produced initial anthesis each year between 
June 25-29. A later flowering clone from southwest- 
ern Nebraska commenced flowering on July 9, July 
11, July 16 and July 15 during the 4-yr observations. 
Certain clones from southeastern Nebraska had initial 
flowering between July 31 and August 6 in each of 
the 4 yrs. This geographic trend has been clearly 
shown each year for the Nebraska material. Most 
Nebraska clones were not studied in 1958. 

The trend for earliest flowering for clones from 
northern and western communities is also indicated 
by the Andropogon gerardi-hallii complex (Fig. 5). 
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For both years, clones from northern North Dakota 
reached initial anthesis in mid- to late June. Those 
from northern Oklahoma reached a similar stage of 
floral development in mid- to late August. In 1958, 
most clones from northern Texas reached initial an- 
thesis in September. 

There was no trend toward earlier flowering by 
clones resembling either A. hallit or A. gerardi within 
a population. Clones were selected in certain areas 
to represent A. hallii and A. gerardi as well as natu- 
rally occurring hybrids. From sandhills near Enid, 
Okla., clones of both species had initial anthesis be- 
tween July 29 and August 9 in 1957 and between 
August 4 and 11 in 1958. Clones from sandy areas 
near Wyndmere, N.D. showed a separation in flower- 
ing times in 1957, those of A. hallii (from loose, 
sandy slopes) flowering 4 to 11 days before those of 
A. gerardi. In 1958, all of the Wyndmere clones 
reached anthesis during the first week of July. At 
a latitudinally intermediate area in the sandhills of 
Nebraska 12 clones, 4 representing A. gerardi, 4 A. 
hallii, and 4 hybrid types, flowered during a two- 
week period from July 10 to July 19 in 1957. These 
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Fig. 5. Flowering dates for 1958 in the Andropogon 


gerardi-hallii complex. For each clone, the number of 
days before (—) and after June 15 required for initial 
flowering in the transplant garden is indicated. Th° 
numbers are listed beside the collection sites. 
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TABLE 1. 





THE ROLE oF Ecotypic VARIATION 


Flowering dates for transplanted clones of 


Sorghastrum nutans, Sporobolus heterolepis, Bouteloua 


gracilis and Bouteloua curtipendula.} 





Community Site 








Brandon, Manitoba... . 


Kisbey, Sask.......... 


Wolf Point, Mont.. .... 
Miles City, Mont. . 
Stanley, N. D......... 
Devils Lake, N. D..... 
Tuttle, N. D... 
Dickinson, N. D.. 
Wyndmere, N. D...... 
Fertile, Minn.......... 
Watertown, 8. D....... 
a eee 
Sioux Falls, 8. D.. 
Murdo, 8. D.... 

Black Hills, 8. D. 


Wheatland, Wyo....... 


Ha-risburg, Nebr... 


Halsey, Nebr... ... 








Sorghastrum 
nutans 
57 =«'58 
23 19 
27 21 
27 21 
37 36 
37 40 
41 36 
34 33 








Sporobolus? 
heterolepis 
57 «'58 

11 

15 

19 

1 
| 

39 15 
63 4 
46 15 
48 15 
55 19 
48 22 
63 15 
63 19 
54 19 
54 19 
61 19 
39 26 
51 22 
63 29 
46 19 
63 19 
63 22 





Bouteloua3 
gracilis 
"57 «='58 

—12 
—12 
—12 
—10 
—12 
—12 
—10 

— 6 

—6 6 

— 6 1 

—12 
—10 
—10 

—12 —10 

—-10 —12 

—-6 —12 

—-12 —12 

—-6 -—10 
6 —12 

—12 —12 

—-10 —12 

—10 —12 

—-10 —12 

—-6 —12 

-6 —10 

—12 —12 

—-6 —10 

-6 -—3 

—-6 —12 

—-6 -—10 
4 —10 

—12 —12 

-10 —12 

—-6 -—10 

-6 —10 

—-6 —10 

—-10 —12 

—-10 —12 

—-10 —12 

—-10 —10 

-12 —12 

—12 —12 

—-10 —12 

—16 —10 

—-12 —10 

-10 — 6 

—-6 -10 

—-6 -—10 








Bouteloua3 
curtipendula 
57 «'58 

—6 

—6 

8 

4 ll 
4 ll 
11 19 
6 19 
ll 15 
18 22 
23 33 
30 33 
30 33 
0 22 
6 19 
23 15 
6 11 
9 11 
il 1 
4 ll 
6 15 
18 22 
4 15 
4 15 
4 8 
il 15 
11 15 
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Community site 


Lincoln, Nebr. 
Lake Okiboji, Iowa 
Auburn, Iowa......... 
Vinton, Iowa........ 
Fairfield, lowa........ 


Creston, Iowa......... 


ee 


Peyton, Colo........ F 
Flagler, Colo.......... 
Lamar, Colo........... 
Bonin, Ham...... 2-2... 
Dodge City, Kan....... 
Manhattan, Kau....... 
ElDorado, Kan........ 
Cameron, Mo.......... 
Hannibal, Mo......... 


Nevada, Mo........... 


Anderson, Mo........ 


Woodward, Okla...... 


Enid, Okla.... . 





Sorghastrum 
nutans 
57 «=°58 
51 57 
67 67 
77 72 
37 40 
46 44 
48 43 
48 50 
77 67 
41 43 | 

48 50 
66 57 
55 54 
66 60 
69 60 
58 54 
66 67 
69 72 
82 

82 

92 82 
92 88 
95 88 
83 78 
95 88 
95 88 
74 72 
93 74 
95 88 
82 

82 

82 

67 

67 

72 

93 

100 

100 

88 

88 

92 82 
95 78 
102 88 











heterolc pis 

"57 «58 
69 57 
72 72 
77 88 
53 22 
68 44 
— 48 
55 46 
-- 67 


ass 
ons 


20 
20 
23 


54 
67 
72 


15 


15 


67 
67 
73 


! 
Sporobolus? | 





Bouteloua | Bouteloua 


gracilis 
57 «'58 
20 22 
23 22 
—10 i 
—-6 -—6 
—- 6 11 
— 6 ll 
—2 11 
9 11 
13 18 
18 19 
23 22 
18 19 
18 33 
20 44 
ll 36 
23 44 
27 41 
46 54 
48 57 
46 50 
46 50 
48 50 
25 44 
30 50 
44 50 





curtipendula 
57 «58 
27 29 
27 33 
30 44 
6 29 
20 22 
20 22 
11 22 
18 22 
18 22 
11 — 
18 18 
23 22 
23 -- 
23 - 
25 
23 22 
23 22 
20 29 
25 35 
25 40 
44 48 
48 48 
48 56 
20 44 
25 5 
30 33 
25 44 
25 _ 
34 40- 
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TABLE 1, (Cont. from page 291.) 





| 


| 
Sorghastrum | Sporobolus? | Bouteloua’ | Bouteloua3 
| 


; nutans | heterolepis gracilis curtipendula 
Community Site = Oe ees = SS ee 
57 58 | ‘57 ‘58 | '57 ‘58 | 57 58 
Fonca City, Okla.......) 77 82 | 7 67 | 25 31 
92 88 | 77 87 | 32 40 
102 93 | 79 74 | 34 40 
! 

Amarillo, Texas | 44 | 33 
50 | 44 
44 
Lubbock, Texas. . | 54 | 47 
| 57 | 50 

57 | 

| 
Benjamin, Texas ; 47 
{ | 54 
78 
Denton, Texas........| 44 
47 
Fort Sumner, New Mex. | 15 22 
44 | 29 
50 44 


| 
| | l 


1 Number of days before (—) and after June 15 for initial flowering in the 
transplant garden at Lincoln, Nebraska. The clones are arranged in the same order 
for both years. 

2 Flowering dates for the northern clones were considerably earlier during 1958. 
The later flowering in 1957 was possibly due to the poor establishment of these 
clones during 1956. 

3 In both Bouteloua gracilis aud B. curtipendula during 1957, a few clones from 
Kansas and Oklahoma produced a solitary inflorescence much earlier than the 
main flowering period. Although dates of both flowering sequences were recorded, 
the dates shown in the table are for the main flowering period. 


Nebraska clones reached initial anthesis from July 14 
to July 29 in 1958. 

The Nebraska clones of the A. gerardi-hallii com- 
plex indicated the geographic trend in each of four 
years observed. A series of six clones from western 
sites had initial flowering during the period of July 
7-15 in 1954, June 29-July 5 in 1955, June 29-July 5 
in 1956 and July 7-10 in 1957. Clones from south- 
eastern sites had initial flowering between August 
20-29, July 27-August 13, August 2-24, and August 
9-26 in the 4 successive years. 

Although represented at fewer sites, both Spo- 
robolus. heterolepis and Sorghastrum nutans displayed 
flowering trends of earliness from northern areas and 
progressively later flowering toward the south and,east 
(Table 1). In 1957, the clones of Sporobolus had ear- 
liest flowering from the Colorado foothills, and slightly 
later flowering from North Dakota and South Dakota. 
The easternmost collections, northeastern Kansas and 


southwestern Iowa, contained the latest flowering 
clones. In 1958, conspicuously earlier flowering dates 


characterized most North Dakota, Minnesota, and 
South Dakota clones. Most flowered near the first of 
July and at the same time as the clones from central 
Yolorado. Earliest flowering was in mid-June by 
clones from near Stanley in northwestern North 
Dakota. Clones from eastern Nebraska, southwest- 
ern Iowa and northeastern Kansas flowered in Au- 
gust. The difference in flowering dates during 1957 
and 1958 among the northern clones was possibly due 
to poor establishment during 1956. 
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During 1957, the Sorghastrum clones yielded earli- 
est flowering at the north and progressively later 
flowering across Iowa. Late flowering was shown by 
all of the Kansas and Oklahoma clones. In 1958, 
similar flowering dates were shown by most clones 
and the same basie trend was reproduced. 

Both Bouteloua gracilis and B. curtipendula had 
earliest flowering clones from northern and western 
The trend toward latest flow- 
er.ng of clones from the south and east did not cover 
the same span of dates. In B. gracilis, dates of initial 
flowering extended into August and September. Both 
species had latest flowering among clones from south- 
ern communities. 

In B. gracilis, most clones from North Dakota, 
Montana, South Dakota, Minnesota, and Wyoming, 
flowered in early June in 1957 and 1958. Clones from 
sites in Manitoba and Saskatchewan flowered during 
the same period in June of 1958. An east-west gra- 
dient of earliness was displayed across Nebraska and 
across Colorado and Kansas, with the earliest an- 
thesis by the western forms. Clones from Texas and 
Oklahoma had the latest dates of initial anthesis. 

Flowering in B. curtipendula was in late June for 
northern clones. For most northern communities, the 
B. curtipendula clones were 2-3 wks later in flower- 
ing than the B. gracilis clones. Earliest flowering was 
by clones from Wolf Point, in northeastern Montana. 
In this particular community, B. curtipendula clones 
were in anthesis a week later than the B. gracilis 
clones. As in B. gracilis, a west-east gradient of earli- 
ness was indicated across Nebraska and across Colo- 
rado and Kansas with earliest anthesis recorded for 
western clones. Latest flowering was from the south- 
ern sites in Oklahoma and Texas. 

Of the species with gradients of ecotypic varia- 
tion, only Koeleria cristata is among those with earli- 
est spring activity. The exsertion of the inflorescences 
on May 6 by clones from 3200 m in the Snowy Range 
otf Wyoming and on May 17 for clones from Laramie 
preceded the same flowering stage by clones from the 
eastern and southernmost communities (May 24-May 
26). 

The span of anthesis dates among clones of KX. 
cristata is not as broad as that in Schizachyrium sco- 
parium, From the same communities during 1957, 
May 28 was the earliest date of anthesis in Koeleria 
and June 9 the latest, while June 17 and October 1 
were the comparable dates in S. scoparium. In 
Koeleria the breadth of the span separating earliest 
and latest flowering dates is affected by temperature 
sequences and a cold period can extend the span ap- 
preciably. In S. scoparium the variation is of suffi- 
cient magnitude that temperatures during June, July, 
and August have a much less noticeable effect. 

2. The second flowering pattern, showing a trend 
of earliest activity from southern communities, was 
represented only by Elymus canadensis during 1957 
(Fig. 6). The flowering of clones from Oklahoma 
and those of higher elevations in Colorado was earlier 
than for clones from the north. The earliest flowering 
clones were from Ponea City, Okla. and from near 


communities (Table 1). 
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Colorado Springs, Colo. at 2600 m. All 5 community 
sites in Iowa contained late flowering clones. Clones 
from Urbana, IIl., also among the latest flowering, 
are not shown in Fig. 6. Flowering dates during 1958 
were very similar to those of 1957. Clones 
northern Missouri were among the latest flowering 
during 1958. 
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Fic. 6. Flowering of transplanted clones of Elymus 


canadensis at Lineoln, Nebr. For each clone, the num- 
ber of days after June 15, 1957 for initial 
flowering in the transplant garden is indicated. The 
numbers are listed beside the collection sites. 


required 


Later-maturing clones of EH. canadensis observed 
in the transplant garden in both 1955 and 1956 
reached initial anthesis within the period of July 15- 
19 in both years. The earlier-maturing clones showed 
a slightly greater deviation, flowering June 18-25 in 
1955 and June 26-July 3 in 1956. Mostly, the later- 
maturing clones flowered 1 to 2 days earlier in 1957, 
while the clones of earlier maturity reached anthesis 
8 to 10 days later in 1957. 

3. The third type of flowering pattern lacked de- 
fined geographic gradients. A demonstration of this 
type was shown in the uniform garden by Stipa 
spartea, where clones from a latitudinal transect ex- 
tending from northern Minnesota to southern Kansas 
showed only slight differences in time of emergence 
of inflorescences. On clones from Colorado to central 
Illinois, inflorescences began emergence on May 14 to 
19. Mature caryopses had been produced by June 
11 to 15, during 1956, 1957, and 1958 for most of 
these clones. 

Relatively few clones of Stipa were 
studied. Those from Minnesota, Colo. and central 
Nebraska exhibited very similar behavior, indicating 


comata 
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an absence of a geographic gradient. Studies in 
progress on Stipa leucotricha also indicate similar be- 
havior for clones from a broad geographic distribu- 
tion. 

The third species without a geographically oriented 
trend in flowering time was Oryzopsis hymenoides. 
This species is confined to western and northern com- 
munities but has a general distribution west of the 
area under consideration. The observed clones of this 
species were primarily from western Nebraska, Wy- 
oming and Colorado. 

During 1955 and 1956, seedlings of O. hymenoides 
Saskatchewan 





from a 
and British Columbia to New Mexico and California— 
were grown in the Lincoln garden where initial flower- 
May 18 to 26. Some 


broad geographic coverage 


ing was over the period from 
variation within a population was present, but geo- 
graphical trends were absent. Seedlings from the 
same collections, used at Laramie, Wyoming by Dr. 
Robert Lang as part of a palatability study, flowered 
between June 5 to 23, and also failed to reveal a geo- 
graphic trend. 


HEIGHT CORRELATIONS 

The tendency for shorter stature to be correlated 
with early maturity was displayed by Panicum vir- 
gatum, scoparium, the <A. gerardi- 
hallii complex, Sporobolus heterolepis, Sorghastrum 
nutans, and Koeleria cristata. For each species, the 
shorter plants were from northern and western com- 
munities and taller plants came from communities 
toward the south and east. 

In Elymus canadensis early maturity was not corre- 
lated with short stature. Plants from widely sepa- 
rated communities reached a similar height. Certain 
plants from northern sites had a tendeney toward 
a prostrate habit of growth that was not displayed in 
their natural habitat. 

The uniform height of flowering culms of S. spar- 
tea in the garden accompanied the uniformity in flow- 
ering behavior. The differences in height which are 
observed in nature are probably correlated with avail- 
able moisture supply during the elongation of the 
flowering culm. The slight height differences in S. 
comata were not geographically correlated. In Ory- 
zopsis, striking differences in height accompanied 
relatively uniform maturity characteristics. 


Schizachyrium 


CARYOPSES PRODUCTION 

The latest flowering clones were least likely to pro- 
duce mature caryopses. In mid-October, 1957, clones 
of Schizachyrium scoparium from southernmost com- 
munities were in full anthesis. An earlier killing 
frost probably would not only have prevented seed 
maturity but would have entirely prevented flower- 
ing. Clones from northern and western communities, 
in contrast, had produced mature caryopses long be- 
fore the average date of first killing frost at Lincoln. 


VEGETATIVE DORMANCY 


In Panicum virgatum and the Andropogon gerar- 
di-hallii complex, early flowering was followed by 
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NO. OF DAYS AFTER MAY 29, 1957 AT LINCOLN, NEBRASKA 
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Fig. 7. Comparison of community responses in the transplant garden at Lincoln, Nebr. during 1957. Each 
symbol indicates the initial anthesis of a clone transplanted from the locations shown on the inset map. The 


extremes of initial flowering time within each population of 3 clones is indicated for each community. 


drying and relative dormancy. Within these 2 species, 
plants from northern and western communities had 
dry stems and mostly dry basal leaves considerably 
before anthesis had been reached by plants from the 
southernmost communities. Within the various spe- 
cies-populations of the A. gerardi-hallii complex and 
P. virgatum, the earliest flowering clones evidenced 
earliest dormancy. 

In mid-October, 1957, prior to the first killing 
frost, green leaves were present on clones of Boute- 
loua gracilis, B. curtipendula, Sporobolus heterolepis, 
Sorghastrum nutans, and Schizachyrium scoparium 
from the full latitudinal span. At the same time 
vigorous leaf expansion was evident on Elymus cana- 
densis, Koeleria cristata, Stipa spartea, S. comata 





and Oryzopsis hymenoides. Only Elymus had reached 
a dry condition prior to reactivation of buds. The 
earliness of a semi-dormant condition in Elymus was 
correlated with maturity patterns. 


COMMUNITY COMPARISON UNDER GARDEN CONDITIONS 


The diagrams of Fig. 7 indicate the latitudinal 
trends in community behavior during 1957. The com- 
munity members from Devils Lake, N. D., had initial 
flowering during a span of approximately 40 days. 
Members of the Ponea City, Okla. community had 
initial flowering during a period of 125 days. The 
distance from the northernmost community at Devils 
Lake to the southernmost at Ponea City is approxi- 
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mately 825 mi. The difference in elevation is ap- 
proximately 150 m. 

The similar span of initial flowering dates for 
communities from the three western sites and the 
Devils Lake site is also shown in Fig. 7. The 3 
western sites are at progressively higher elevations 
toward the south. Miles City, Mont. is approximately 
715 m, Wheatland, Wyo. is approximately 1480 m 
and the Peyton, Colo. site (near Colorado Springs) 
is 2200 m. 

Communities along an altitudinal transect from 
Peyton, Colo., at 2200 m to Flagler, Colo. (1500 m), 
to Hoxie, Kan. (825 m), and to Manhattan, Kan. 
(310 m) are also shown in Fig. 7. A gradient of in- 
creasing span of initial flowering dates toward the 
lower elevations is indicated for the series of com- 
munities. 

During 1958, the somewhat different flowering 
times modified the community comparison slightly. 
Along the gradient from Devils Lake, N. D. to Ponea 
City, Okla., earlier flowering during 1958 among 
clones of Panicum virgatum and Schizachyrium sco- 
parium reduced the differential between the southern 
and northern communities. The Ponea City com- 
munity had initial anthesis for all its members during 
105 days after May 29, 1958 in contrast to 125 days 
in 1957. The Devils Lake community required 42 
days after May 29 in 1958 in comparison with 40 
during 1957. The Sioux Falls community required 70 
days in 1958 and the Manhattan community required 
83 days. The 3 western communities reached initial 
anthesis over very similar periods in both 1957 and 
1958. The west-east gradient from central Colorado 
to eastern Kansas was modified slightly. 


LIGHT PERIOD STUDIES 


Bup Activity 
The length of light period used was not critical 
in the time of growth resumption in any of the grasses 
studied. Although light periods shorter than 1214-hr 
may retard bud activity, under the conditions of these 
studies temperature was of greater influence than 
light period. Studies in progress indicate that growth 
resumption in these grasses can oceur in the dark. 
The sequence in the time of growth resumption in 
the greenhouse was strikingly similar to that in the 
uniform garden. farliest activity was in Elymus 
canadensis, Bouteloua gracilis and B. curtipendula. 
Slightly later activity characterized Schizachyrium 
scoparium. The latest bud activity was in the Andro- 
pogon gerardi-hallii complex and Panicum virgatum. 
The sequence in the greenhouse occurred between 
mid-January and early February. 


FLOWERING 
Five of the 6 taxa—Elymus canadensis, Bouteloua 
gracilis, Panicum virgatum, Schizachyrium scoparium, 
and the Andropogon gerardi-hallii complex—provided 
flowering data. Bouteloua curtipendula, with only a 
scattering of inflorescences, may not have had a 
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sufficiently long dormant period prior to the time of 
transplanting. 

The first indication of early behavior in Elymus 
canadensis was shown by clones from Oklahoma un- 
der 1514-hr light (Fig. 8). Inflorescences had fully 
emerged from the sheath by February 28. A similar 
condition did not appear in Colorado and western 
Nebraska material until a week later. All three sets 
of clones were in anthesis by March 10. The failure 
of the Oklahoma material to have earliest anthesis 
was probably due to the smutted nature of the earliest 
inflorescences. Somewhat later flowering by Minne- 
sota clones of Elymus and latest flowering by Iowa, 
Illinois, and eastern Nebraska clones occurred under 
1514-hr periods. 
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Fic. 8. A comparison of community responses in the 
Lineoln transplant garden and under 2 light periods in 
the greenhouse. Each of the 2 clones of the population 
in transplant garden are indicated by the same symbol 
under 14- and 15%-hr light periods. The garden se- 
quence occurred between May 31 and October 1, the 
greenhouse sequence between February 28 and July 28. 
Buds of the same clones showed growth resumption 3 
mo. earlier in the greenhouse. In the comparison, the 
number of days to flowering after May 31 is indicated 
for garden behavior and after February 28 is indicated 
for greenhouse responses. The location of 3 of the col- 
lection sites is shown in Fig. 7. The fourth collection 
site, Fertile, Minn. is southeast of Devils Lake, N. D. 
near the state boundary. 


Under 14-hr light periods, flowering was delayed 
in all clones, but the sequence of flowering remained 
essentially the same. The span separating the flower- 
ing dates under the 14- and 1514-hr treatments varied 
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from 2 wks to 1 mo. The greatest interval was among 
the clones from Iowa and Illinois. 

Only the 2 clones from Oklahoma flowered under 
1214-hr light periods. A delay of 2 wks separated 
flowering under 124%-hr periods from that under 14- 
hr periods. 

Variation related to latitude in Bouteloua gracilis. 
was shown in the Oklahoma and Minnesota clones. The 
Oklahoma clones did not flower under 1514-hr light 
periods and the Minnesota material flowered only 
under 1544-hr periods. The Oklahoma clones were 
the latest of those flowering under 14-hr periods. 

The clones from a latitudinally intermediate posi- 
tion (Lincoln, Nebr. and western Nebraska), although 
differing by 2 to 5 wks in flowering time, flowered 
under both 14- and 1514-hr conditions. The Colorado 
clones, from a latitude intermediate between Lincoln 
and Ponea City, Okla., responded under both periods, 
flowering slightly later than the western Nebraska 
material. 

Clones of Elymus canadensis flowered earlier un- 
der the longest light period, while clones of Bouteloua 
gracilis flowered earlier under the 14-hr light period. 
In Bouteloua, the span of initial flowering was a 
week in western Nebraska material but 3 weeks in 
eastern Nebraska and Colorado clones. 

Only in the B. gracilis clones from Oklahoma was 
there a tendency to flower under 1214-hr light periods. 
A few flowering culms appeared considerably earlier 
than the many culms which were under 14-hr periods. 

Earliest flowering in Panicum virgatum occurred 
in clones from Minnesota and Colorado. Latest flow- 
ering was by Iowa and Oklahoma clones. Most clones 
flowered almost simultaneously under 14- and 1514-hr 
light periods, although later flowering, by 2 or 3 days, 
characterized certain clones under 1514-hr conditions. 

Although expressing similar characteristics of 
early maturity, the Colorado and Minnesota clones of 
P. virgatum responded differently to the 1214-hr 
treatment. The Minnesota material produced vege- 
tative stems less than 10 em, while the height of stems 
on Colorado clones ranged between 30 and 50 em. 
The Colorado material remained vegetatively vigor- 
ous; the Minnesota clones began drying after 2 mo. 
and subsequently became dormant. A dormancy 
period of 2 mo. by one Minnesota clone was followed 
by the activation of buds and a reappearance of small 
vegetative stems. The other Minnesota clone reached 
a dormant condition after a longer span of time, but 
also had a reappearance of short stems. A second 
dormancy occurred in October. The original stems of 
the Colorado clones were still green after 9 mo. ex- 
posure to 1214-hr periods. 

Under 12%4-hr periods none of the Panicum clones 
flowered freely. A single abbreviated inflorescence 
appeared on a clone from Oklahoma as well as on one 
from Western Nebraska. Anthesis was observed on a 
few flowers of each inflorescence. 

Fowering in Schizachyrium scoparium was com- 
plete under 1514-hr light periods. Western Nebraska 
clones were followed rather closely in time of flower- 
ing by Minnesota and Colorado material. Progres- 
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sively later flowering was shown by clones from east- 
ern Nebraska, Iowa and Oklahoma. 

Of the clones flowering under 14-hr light periods, 
the Oklahoma clones flowered much sooner than un- 
der 1544-hr periods. Larsen (1947) also demon- 
strated earlier flowering under shorter light periods 
for clones of S. scoparium from Oklahoma. Clones 
from both western and eastern Nebraska flowered al- 
most simultaneously under the two light periods. Of 
the 2 Iowa clones, only one flowered under 14-hr 
periods, doing so earlier than under 1514-hr periods. 
Neither the Minnesota nor the Colorado clones flow- 
ered under 14-hr periods. There was no flowering 
under the 1214-hr periods. 

Flowering of the Andropogon gerardi-hallii com- 
plex under 154-hr periods was earliest in clones 
from western Nebraska and Minnesota. Clones from 
eastern Nebraska and Iowa were followed in flower- 
ing by a clone from Oklahoma. The span separating 
earliest and latest flowering was 3 mo. Clones from 
western Nebraska flowered almost simultaneously un- 
der 1514- and 14-hr periods, but none of the other 
clones had flowered by mid-July under 14- or 12%4- 
hr periods. The dormancy which followed vegetative 
growth under the 1214-hr light periods will be dis- 
cussed below. 

All of the clones of Bouteloua curtipendula re- 
mained green and vigorous under all 3 light periods. 
The seattering of flowering culms was confined to the 
14-hr and 1514-hr light treatments, and did not allow 
a comparison within the species. The incomplete 
flowering contrasted with that in the other species of 
Bouteloua, and the reason for this behavior is not 
clear. 

Clones of Koeleria cristata from eastern and west- 
ern Nebraska and Minnesota flowered under each 
of the 3 light periods. In all clones flowering was 
progressively later under the shorter periods, by 2 to 
4 days under 14-hr periods and by 8 to 10 days under 
1214-hr periods. Temperature interplay may have 
been significant in the difference in flowering time. 

Although clones of Stipa spartea and S. comata 
were not included in the light-period studies, clones 
from Minnesota and Nebraska began the exsertion 
of inflorescences in mid-March when natural day- 
length did not exceed 1314 hrs. In subsequent studies 
1214- and 1514-hr periods produced similar responses 
in S. comata clones from Minnesota, North Dakota 
and Nebraska. 


VEGETATIVE DORMANCY 


The effect of light upon dormancy was examined 
in these studies. Most clones remained in the treat- 
ments from mid-January until mid-November. The 
temperatures were not controlled during the summer 
months but were maintained in the spring and fall 
above 24°C in the day and at 18°C at night. 

The 1214-hr light period produced a pattern of 
dormancy in the Minnesota clones of Panicum vir- 
gatum. As mentioned above, the stems of one clone 
began drying in April, after 2 mo. of activity. A 
dormant period of approximately 2 mo. was followed 
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by a resumption of bud activity in June. A second 
period of dormancy occurred during the late sum- 
mer. The other Minnesota clone became dormant 
after a longer span of time. Reactivation of buds oc- 
curred during the late summer and the resultant stems 
were active in October. 

In Andropogon gerardi, most clonal segments 
under 124%4-hr light underwent a dormant period. 
Minnesota clones, which began producing shoots in 
early February were completely dormant in May. 
Growth resumption in June yielded new, vigorous 
stems that were present during the summer. A sec- 
ond dormancy period had occurred by mid-October. 
Colorado clones behaved similarly. Dormancy in 
Iowa clones in mid-June was followed by growth re- 
sumption in mid-July and by dormancy symptoms in 
October. The 2 Oklahoma clones differed in dor- 
maney cycles. One clone was dormant in June and 
had new bud activity in July. The other remained 
vegetatively vigorous through July. Dormancy in 
the latter clone was followed by bud activity and 
new stem growth in September. Clones from western 
Nebraska, which were the only clones with character- 
istics of Andropogon hallii, failed to go dormant until 
mid-October. 

By mid-November, most of the clones of A. 
gerardi-hallii maintained continuously under 121-hr 
light periods were dormant. The 2 Oklahoma clones 
still showed a marked difference. The 2 pieces of the 
clone which became dormant in June reached a sec- 
ond dormancy in November. The new stems on the 
other Oklahoma clone were still vigorous in mid- 
November. By early December, all clonal segments 
under 1214-hr periods were dormant. 

In mid-October, clones of Schizachyrium scopari- 
um, Bouteloua gracilis, and B. curtipendula had dry- 
ing leaves intermixed with green leaves under all 3 
light periods. None of the clones had reached the 
stages of dormancy that characterized clones of 
Panicum virgatum and the Andropogon gerardi- 
hallii complex. 


COMMUNITY COMPARISON UNDER 
Various LigHt PERIODS 


Under controlled light periods of 14- and 1514-hr, 
the experimental communities presented behavior pat- 
terns strongly resembling those exhibited in the trans- 
plant garden under natural light periods (13 hr, 34 
min on April 22 and 15 hr, 6 min on June 22, sun- 
rise to sunset). The 14-hr and 1514-hr conditions 
were chosen to represent the two extremes of day- 
length which might be critical in the transplant. 
garden. The earlier flowering of Elymus canadensis 
under longer daylengths, and the later flowering un- 
der the same daylength by Schizachyrium scoparium 
resulted in a slightly greater time span for initial flow- 
ering among members of each community. In Fig. 
8, the actual span of the dates in the transplant garden 
was May 31 to October 1, and in the greenhouse, 
February 28 to July 28. The period of growth re- 
sumption in the garden was April 15 to 26, later by 
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3 mo. than the same stage of development under green- 
house conditions. 

The latitudinally-induced variation from one com- 
munity to another is as well displayed under con- 
trolled light periods as it was under the garden con- 
ditions. Of the 4 communities shown in Fig. 8, Ponea 
City, Lincoln, and Fertile display a vegetational gra- 
dient. The community sites shown in Fig. 7 omit the 
Fertile community located directly southeast of Devils 
Lake. 

The western site of Peyton, Colo. is included in 
Fig. 8 to demonstrate the similar behavior patterns 
of the northern and western communities under either 
garden or greenhouse conditions. Clones of S. sco- 
parium from both communities failed to flower under 
the 14-hr light periods. A dissimilarity in the be- 
havior of clones of Bouteloua gracilis resulted in 
flowering under both 14- and 1514-hr periods by the 
Colorado representatives, but flowering of only 1 of 
the 2 Minnesota clones and this only under the longer 
of the 2 light periods. The flowering of only one 
Minnesota clone of Schizachyrium scoparium in the 
transplant garden resulted from the failure in estab- 
lishment of the other clone. 

The similarity of flowering sequences under both 
greenhouse and garden conditions demonstrates the 
significance of the genetic potential of the individual 
in determining its behavior. The length of time re- 
quired for flowering under particular conditions as 
well as whether it can flower or not are expressions 
of these genetic controls. That the sequence of flower- 
ing among a series of populations is similar under a 
different set of site conditions, indicates that the 
genetic controls are of primary significance in deter- 
mining behavior. The modification of time of flower- 
ing within the genetic limits results from the interac- 
tion of genetic potential and the site variable. 


FLOWERING BEHAVIOR IN THE 
NATURAL HABITAT 


EVALUATION OF POPULATION SYSTEMS 

Observations of communities during 1956 and 
1957 gave indications of flowering trends under the 
influences of the natural habitats. Notes on Stipa 
spartea and Koeleria cristata indicated earliest flower- 
ing in southern communities and progressively later 
flowering toward the north and the west. These spe- 
cies are among the earliest flowering grasses at any 
community site. In Stipa spartea, a gradient of de- 
velopment was observed on June 6, 1957 from eastern 
Kansas to the Black Forest area near Colorado 
Springs, Colo. A similar gradient was observed from 
eastern Nebraska to western Nebraska in mid-June 
and from eastern North Dakota to eastern Montana 
in late June. Flowering within HKoeleria cristata indi- 
‘ated trends similar to those of Stipa spartea. In 
early June more advanced flowering stages in the east 
and progressively less advanced stages toward the 
west were observed across Nebraska and Kansas. The 
populations in North Dakota communities showed 
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anthesis almost 3 wks later than the Lincoln, Nebr. 
population. 

The similarity of flowering responses of Stipa 
spartea and Koeleria cristata in the natural habitats 
is particularly interesting when compared to garden 
behavior. Genetic gradients were observed for Koe- 
leria in the garden, while none were apparent in 
Stipa. The early flowering characteristic of both 
species apparently insures similar flowering sequences 
in the natural habitat. In Stipa, behavior is pri- 
marily determined by the appearance of habitat con- 
ditions suitable for growth resumption and flowering. 
In Koeleria, though genetically somewhat different, 
the flowering is primarily triggered by the sequence 
of suitable habitat conditions. 

Within the flowering pattern of Elymus canaden- 
sis, the earliest flowering occurred in southeastern 
communities. A progression of developmental stages 
was evident across Kansas and eastern Colorado in 
early June 1957. The least advanced flowering stages 
were in Colorado in the Black Forest area (2200 m) 
and along the Pike’s Peak Highway at ca. 2600 m. 
In the transplant study, most of the clones from 
Kansas as well as those from Oklahoma flowered as 
early as the clones from Colorado. 

In late June, 1957, Elymus in southeastern Ne- 
braska, northern Missouri and southern Iowa showed 
less advanced stages of development than were dis- 
played by clones from northern Minnesota, North 
Dakota and eastern Montana. In Iowa, eastern Ne- 
braska and southeastern South Dakota, within a spe- 
cies-population clones varied from those with some 
culm elongation to those with considerable expansion 
of the exserted inflorescence. At the same time, 
communities between northern Minnesota and eastern 
Montana contained Elymus clones with emerging as 
well as fully exserted inflorescences. 

The later flowering of clones from Iowa, eastern 
Nebraska and southeastern South Dakota in the trans- 
plant garden suggests a genetic basis for the later 
flowering observed in the natural habitats. When 
compared on the same dates in 1957, clones from 
Minnesota, North Dakota and Montana were only 
slightly more advanced in the garden than those in 
the natural habitat. Studies on the effect of length 
of light periods indicated that earlier flowering re- 
sulted under longer periods. The occurrence of the 
longer daylengths in the northern communities would 
tend to speed up the flowering of these genetically 
earlier types. The somewhat shorter light period at 
the Lincoln transplant garden resulted in a delayed 
flowering by the early-maturing types from northern 
communities as well as the later-maturing types from 
eastern communities. 

A trend of advanced stages of inflorescence devel- 
opment in Panicum in northern communities was indi- 
eated during visits to community sites in northern 
Missouri, Iowa, eastern Nebraska, northern Minne- 
sota, North Dakota and eastern Montana from June 
24 to 29, 1957. The greatest development was within 
the population at Devils Lake, N. D. Within this 
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northern community, were a few clones with well- 
developed inflorescences, partly exserted. In the trans- 
plant garden at Lincoln, a similar stage of develop- 
ment among Devils Lake clones occurred 3 wks earlier, 
At the community site in southeastern South Dakota 
(Sioux Falls), clones had developing inflorescences 
on June 28. In the uniform garden, clones from this 
South Dakota site had just begun the exsertion of 
inflorescences on the same date. 

Stages of floral development comparable to those 
at Devils Lake on June 25 were visible in most popu- 
lations of Panicum virgatum in Kansas from July 9 
to 12, 1957. In southern Missouri and Oklahoma, 
most populations contained numerous clones with 
more advanced stages of inflorescence development. 
The most advanced were in northwestern Arkansas, 
southeastern Oklahoma and northern Texas. Only in 
the population west of Denton, Tex. were clones ob- 
served in anthesis. 

Among the 4 communities in Kansas, somewhat 
more advanced development in Panicum virgatum 
was apparent in the eastern sites. At Hoxie in north- 
western Kansas, clones with well-developed culms 
were observed on July 11, 1957. In the garden all 3 
clones from Hoxie had exserted inflorescences before 
July 3. At one eastern Kansas community (Man- 
hattan), clones varied in stage of development on 
July 9, but included some with barely exserted in- 
In the transplant garden, clones from 
until 


florescences. 
this site had no 
July 19. 

On June 24, 1956, the Black Forest community at 
2200 m (near Colorado Springs) contained clones of 
Panicum virgatum with emerging inflorescences. Of 
the communities in Kansas, northern Oklahoma, and 
eastern Colorado, only in the Black Forest community 
were. stages of inflorescence development observed 
from June 22 to 24. A clone from the Black Forest 
which had fully expanded inflorescences on June 24 
was the earliest flowering clone in the garden study. 
It had begun emergence of inflorescences by May 30 
at Lincoln (Fig. 3). 

Greater similarity in flowering time characterize 
Panicum virgatum under the influence of the natural 
habitats from North Dakota to Oklahoma than is sug- 
gested by the garden studies. The data from both 
1956 and 1957 indicate that flowering occurs primari- 
ly in July in northern and western communities and 
extends into August in southern and eastern commu- 
nities. The geographic trend in the garden roughly 
indicates the direction of the flowering gradients in 
the natural habitat. The span of flowering dates in 
the natural habitat is undoubtedly less than that dis- 
played in the uniform garden. Rice (1950) reported 
for central Oklahoma (Norman) that first anthesis on 
clones of Panicum virgatum occurred on August 25, 
1948. He also reported that the major flowering 
period was September 1-15. Dyksterhuis (1946) re- 
ported that P. virgatum in the Fort Worth, Tex. 
prairie produced first flowers in the last half of July. 
The observations by Dyksterhuis were made in 1939- 
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44 near the area where clones were in anthesis before 
July 15 in 1957. 

The geographic trends in flowering in Schizachy- 
rium scoparium are similar to those in Panicum vir- 
gatum. The most advanced stages of floral develop- 
ment were in northern communities from June 28 to 
July 1, 1957. Clones in southern Manitoba were 
slightly more advanced than those at Devils Lake and 
the latter area contained considerably more culm elon- 
gation than areas to the south. Eastern Montana 
(Wolf Point) had clones showing slight emergence of 
the inflorescences, comparable in development to those 
of southern Manitoba. Clones of western South Da- 
kota and western Nebraska showed a considerably 
greater incidence of culm elongation than those in the 
east, though less than that displayed in Montana. 
The trend of earlier development in western sites in 
Nebraska was observed over a 4-yr period {MeMillan 
1956b). 

In areas south of Nebraska from July 9 to 12, 
1957, the most advanced stages of development in S. 
scoparium were in southeastern Missouri and north 
central Texas. Some were in anthesis near Denton, 
Tex. None of the observed clones in Kansas were as 
advanced as those noted in northern areas almost 2 
wks earlier. 

During 1956, from July 23 to 25, earlier flowering 
in S. scoparium occurred in northern and western 
communities. Many clones in the western sites in 
both North Dakota and South Dakota were in anthe- 
sis or in a stage past anthesis. Clones of eastern 
South Dakota had elongated culms but had not 
reached anthesis. Seant rainfall during 1956 may 
have influenced the flowering pattern, but similar 
trends during 1957, a year of ample rainfall, suggests 
basic maturity differences. 

Within Schizachyrium the flowering 
pattern under the influence of the natural habitat 
indicates that a shorter interval of time separates 
earliest and latest flowering than was displayed in 
the garden. However, the trends of earliness in the 
garden are evident in nature. 

The early flowering of S. scoparium in Missouri 
and Texas should be clarified by current studies. 
From the present studies it can be suggested that the 
length of the light period may be significant in these 
southern communities. Greenhouse studies indicated 
that Oklahoma clones flowered much earlier under 
14-hr periods than under 15%4-hr periods. The longer 
daylengths at the Lincoln transplant garden may have 
slowed down the flowering of the southern clones and 
accentuated maturity differences. Dyksterhuis (1946, 
1948) reported that clones in northern Texas reached 
anthesis as early as mid-July, while Rice (1950) re- 
ported first anthesis in early August in central Okla- 
homa. 

In 1956, from July 23-26, earliest flowering in 
the Andropogon gerardi-hallii complex was in the 
northern and western communities. In 1957, from 
June 28 to July 1, the earliest culm elongation was 
in the more northern sites. The greatest elongation 
of culms was noted in southern Manitoba, and slight 
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culm elongation was noted from northern Minnesota 
to eastern Montana. In the states south of Nebraska, 
during 1957, from July 9 to 12, clones with elongat- 
ing culms were more abundant in the southernmost 
sites. In a few instances (southeastern Kansas, 
southwestern Missouri, eastern Oklahoma) inflores- 
cences had been exserted, but in only one area were 
clones in anthesis (Texas panhandle, north of Ama- 
rillo). The actual span of flowering time among the 
various communities is apparently less than that dis- 
played in the transplant garden. 

Although genetic gradients of maturity are present 
in Bouteloua gracilis, observations on flowering indi- 
cate an intimate relationship with immediate moisture 
availability. Late flowering within a population may 
be due to later availability of moisture. The ability 
to flower more than once during the growing season 
was demonstrated in the transplant garden and has 
been repeatedly observed within native stands. The 
success of this species in western communities is per- 
haps largely attributable to this plastic type of be- 
havior. 

In the transplant garden, the early flowering be- 
havior of clones of B. gracilis from northern and 
western sites was well demonstrated. This character- 
istic of early maturity allows early flowering in the 
natural habitat if sufficient available. 
Later flowering by the genetically early types perhaps 
results from a different pattern of moisture avail- 
ability. 

In communities in South Dakota, North Dakota, 
Minnesota, Montana and Nebraska from June 28 to 
July 1, 1957, the only observed anthesis was in a 
population of Bouteloua gracilis in the vicinity of 
Miles City, Mont. Clones with fully emerged in- 
florescences were observed at Wolf Point, Mont., in 
the vicinity of the Black Hills, S. D., and in western 
to central Nebraska. These observations of more ad- 
vanced stages of flowering in the western communities 
suggest a gradient in the natural habitat. The possi- 
bility of a stimulation to flowering by drying soils 
(Kneebone 1957) and higher temperatures in more 
westerly sites may partially explain the observed 
geographic gradient. During the period of July 23- 
26, 1956, clones of Bouteloua gracilis were in an- 
thesis in North Dakota communities but had not 
reached anthesis in South Dakota communities. 

Observations in areas south of Nebraska during 
July, 1957 indicate early flowering of B. gracilis in 
southwestern and western sites. This earlier behavior 
ean be attributed to a genetic gradient as demon- 
strated in the transplant garden. 

Indications of early flowering in Bouteloua curti- 
pendula were observed in western sites in both 1956, 
1957 and 1958. In June, 1957, clones in eastern Mon- 
tana had fully exserted inflorescences when there were 
none at more eastern sites. Flowering trends were 
not as apparent in other areas, perhaps due to the 
nature of the observations. In mid-July similar 
stages of flowering development were observed in 
community sites in Kansas, Oklahoma and northern 
Texas. Dyksterhuis (1946, 1948) reported prolific 
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inflorescence production in B. curtipendula in north- 
ern Texas during June. He further reported that a 


second flowering had begun by September 15. Rice 
(1950) reported earliest flowering in central Okla- 


homa in mid-June and the major flowering period 
from June 16 to July 28. 

The community sites were not visited late enough 
in the season to determine flowering trends in either 
Sporobolus heterolepis or Sorghastrum nutans. There 
are suggestions in the literature (Dyksterhuis 1946, 
1948; Rice 1950) of progressively later flowering 
toward the south in Sorghastrum. Observations on 
Sporobolus in 1956 indicated more advanced stages of 
flowering in northern North Dakota and the Black 
Hills than in the communities southeastward in South 
Dakota and Nebraska. 


COMPARISON OF COMMUNITY ACTIVITY 

The waves of flowering which cross the central 
part of the United States begin in March and April 
These first waves of flower- 
ing (Stipa, Koeleria) follow the ever expanding 
blankets of warm air toward the north and west. 
Soon after the warm air reaches the northernmost 
communities, other flowering waves begin to move 


in southern communities. 


southward. Among the last wave is that of Sor- 
ghastrum nutans, flowering in October in central 
Texas. 


Notably in Bouteloua, flowering does not progress 
in a continuous pattern. In B. curtipendula, the 
major wave is accompanied by minor ones which be- 
gin in the west and southwest. In B. gracilis, the 
progression of flowering becomes highly discontinuous 
because of varied moisture patterns which halt or 
divert the direction of the wave. 

In the northern communities, flowering among 6 
or 7 populations may occur almost simultaneously. 
At Devils Lake anthesis was observed in Bouteloua 
gracilis, Sporobolus heterolepis, Andropogon gerardi, 
Schizachyrium scoparium, Panicum virgatum and 
Elymus canadensis on the same day in July. There 
is less possibility of simultaneous flowering among 
these species in more southerly communities. 

If the staggering of flowering time for Stipa 
spartea in the various community habitats were sub- 
stituted for the flowering date in the garden and if 
the flowering progression within communities 1, 2, 3, 
and 4 in Fig. 7 were re-oriented relative to the time of 
Stipa flowering, the resultant community responses 
would approximate the behavior under the influences 
of the natural habitat from Oklahoma to North Da- 
kota. The communities (7, 8, 9 and 3) along the 
altitudinal gradient of Fig. 7 would be modified into 
a pyramid. The 3 communities (5, 6 and 7) along 
the latitudinal gradient from Miles City, Montana to 
Peyton, Colorado (Fig. 7) would all flower later than 
at Lincoln and would possibly be arranged in a line 
below the Devils Lake community, but slightly ahead 
of it. The progressively later spring activity in Stipa 
toward the north and west in the natural habitat re- 
flects primarily the later appearance of temperature 
conditions favoring growth resumption. Among the 
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other species, the flowering sequences reflect primarily 
the influence of genetic controls following growth re- 
sumption. 


THE NATURE OF THE GRASSLAND HABITAT 


In evaluating certain climatic aspects of the grass- 
land habitat, annual precipitation patterns (Transeau 
1935) were charted for most community sites. Pre- 
cipitation data from the station nearest the collection 
site were used. Average dates of killing frost were 
included for an evaluation of the average frost free 
period in conjunction with the moisture pattern (Fig. 
9). Increasing precipitation toward the south and 
east was clearly shown. Greatest moisture in June 
was modified progressively toward the east and south 
into a pattern with appreciable moisture from May 
to September. 





Average precipitation patterns for commu- 
The average monthly precipitation was meas- 
The Janu- 
The 
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nity sites. 
ured on lines radiating from the white dots. 
ary-July line is oriented vertically for each pattern. 
average dates of earliest killing frost in fall and the lat- 
est killing frost in spring are indicated by the radiating 


arms, 


In the northern communities, the average date for 
last killing frost in the spring occurred immediately 
before the brief period of highest rainfall. This pat- 
tern was altered in western sites to the extent that the 
average date of last killing frost occurred during 
the brief period of rainfall. 

A conspicuous dry period during the winter 
months was displayed at all sites. The longest dry 
period was in the northern and western sites. 
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Difference in the length of the frost-free period 
is a significant feature of the grassland habitat. The 
shorter periods in northern and western sites contrast 
sharply with the extended periods to the south and 
eastward. 

Variability of climatic conditions from one year 
to the next is so well known in the grassland habitat 
as to have practically become its chief climatic char- 
acteristic (Fig. 10). A composite of 18 successive 
“year-climates” by Kendall, as reproduced by Tran- 
seau (1935), shows the marked change from one year 
to the next. 

The time of greatest rainfall (Fig. 10) tends to be 
early in the season in the northwestern part of the 
area (¢.g., Poplar, Mont.). There is somewhat greater 
irregularity in yearly pattern in the northeastern areas 
(Devils Lake, N. D.), although the tendency for high- 
est precipitation in May and June is shown. Greater 
variability characterizes the annual patterns toward 
the south. The high rainfall period at Newkirk near 
Ponea City, Okla. may occur in any month from May 
to September. Western sites tend to have greater 
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1909, 1919, 1929, 1939, 1949 (from left to right). The 
monthly precipitation was measured, as in Fig. 9, on lines 
radiating from the point indicated by the black dot. 
The January-July line is oriented vertically for each 
pattern. The earliest killing frost date in fall and the 
latest killing frost date in spring are indicated by the 
radiating arms. 
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reproducibility of a precipitation pattern from one 
year to the next than do eastern sites. 

The highest temperatures recorded in the grass- 
land area are not restricted to southern communities. 
Temperatures from 40-43° C have occurred at all of 
the sites included in this study. The normal daily 
maximum temperature of July varies from 27° C in 
the north to 32° C in the south. The number of days 
above 32° C increases from 10 in North Dakota to 80 
in northern Oklahoma. 

The soils of the various communities represent a 
great diversity of types. Extremely sandy soils oceur 
in widely separated localities (sandhills of Nebraska, 
lake shore dunes of ancient Lake Agassiz at Fertile. 
Minn., sandhills west of Enid, Okla. and at Wood- 
ward, Oklahoma, among others). Rocky soils oceur in 
inany western sites (Black Hills, 8. D.; Peyton, Colo. ; 
Hoxie, Kan). Extremely rocky soils in the Flint 
Hills of eastern Kansas at Manhattan contrast with 
the loess soils in eastern Nebraska and Iowa. 

Within the grassland type of community, the dis- 
tribution of soil moisture, as determined by the mois- 
ture intercepted and the temperature interplay, de- 
termines the composition with respect to species and 
genera represented. The reliability of ample mois- 
ture during the later part of the growing season al- 
lows the broad distribution of the species of later, 
though variable, maturity, such as Andropogon 
gerardi. The local abundance of such species will be 
the result of the availability of suitable moisture sites. 
Obviously, the western communities represent an area 
with a minimum of suitable sites, the eastern com- 
munities present a maximum of such sites, and a 
gradient or continuum of vegetational composition in 
the grassland type of community is the result. Con- 
spicuous modification of the moisture gradient as well 
as an interruption in the vegetational continuum is 
apparent in the regions of sandhills, where the suit- 
able sites of adequate moisture for the later-maturing 
vrasses are greatly increased. 

The local gradients between moisture extremes 
within the western communities exhibit a steepening 
over those of eastern communities due to the lower pre- 
cipitation. Because of this steepened moisture gra- 
dient, the later-maturing members of a community 
tend to occupy sites of greater moisture reliability. 
The result is the conspicuously different distribution 
among species in these western sites. Among the 
~pecies occupying areas of less reliable moisture in 
western sites are opportunist types, such as Bouteloua 
gracilis, which can reach maturity when conditions are 
favorable and early maturing types, such as Stipa and 
Oryzopsis, which ean normally reach maturity before 
moisture becomes limiting. 

There is a trend toward greater habitat separation 
among the species in more westerly sites. Two spe- 
cies may occur together in native prairies in eastern 
Kansas, but may occupy different sites in eastern 
Colorado. As an example, Andropogon gerardi and 
Schizachyrium scoparium oceur in relatively inter- 
mixed conditions on slopes of the Flint Hills at Man- 
hattan, Kan. In eastern Colorado near Flagler, 8. 
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Scoparium is common on rocky slopes, but A. gerardi 
is confined to the bottoms of ravines. Panicum vir- 
gatum, though common on the rocky slopes of eastern 
Kansas with Andropogon, is confined to streambanks 
in the Flagler area. 


DISCUSSION 


Studies of ecotypic variation within grassland 
vegetation (Olmsted 1944; Larsen 1947; Riegel 1940; 
Cornelius 1947; McMillan 1956a, 1956b, 1957) indi- 
cate that climatic selection has yielded northern com- 
munities with individuals that can grow and mature 
under long daylengths and short frost-free periods. 
Progressively southward are communities containing 
individuals that mature under shorter daylengths and 
longer frost-free periods. Certain of these studies 
also have indicated: that western sites have selected 
individuals which can mature under a shorter frost- 
free period than those of eastern sites. 

A genetic basis for latitudinal variation in Boute- 
loua curtipendula was shown by Olmsted (1944). In 
his studies he demonstrated the results of latitudinal 
selection by using various light periods. Larsen 
(1947) demonstrated a genetic basis for latitudinal 
differences in light-period requirements and differ- 
ences in maturity in. Schizachyrium scoparium. Cor- 
nelius (1947) demonstrated maturity differences in 
the garden which were correlated with geographic 
position of seed collection in S. scoparium. Similar 
differences in maturity in Bouteloua gracilis were 
found to have a genetic basis (Riegel 1940, Lavin 
1943). 

! Genetic gradients were demonstrated in Bouteloua 
gracilis, B. curtipendula, Panicum virgatum, the 
Andropogon gerardi-hallii complex, and Schizachyri- 
um scoparium from numerous communities in Ne- 
braska (McMillan 1956a). Other studies involving 
. these 5 taxa, along with Sorghastrum nutans and 
Elymus canadensis, indicated the selection of maturity 
counterparts within .a number of species (McMillan 
1957). 
The genetic basis for flowering time, although not 
completely analyzed, has been evaluated in a number 
of species. These studies have been recently reviewed 
by Clausen & Hiesey (1958). Among the investiga- 
tions, the work by Goodwin (1944) on Solidago sem- 
pervirens is notable. He reported that three lati- 
tudinal races of Solidago in a Rochester, N. Y. trans- 
plant garden showed earliest flowering by the most 
northern population and latest flowering by the south- 
ernmost. Goodwin reported that Solidago, in its na- 
tive habitat, flowers progressively later in the season 
as one passes from north to south along the Atlantic 
Coast. In various crosses involving the 3 populations, 
F, and F, populations expressed intermediacy in time 
of flowering. 

The present transplant garden and light period 
‘studies strongly indicate a genetic basis for differences 
in flowering time of several species of grasses. These 
studies support Goodwin (1944) in his suggestion that 
the rate of flower bud development is determined 
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“more by heredity than by habitat conditions.” 
This is not intended to suggest that habitat conditions 
are totally ineffective, but within the broad limits of 
the conditions in a number of habitats, the genetic 
pattern which governs the relative rate of flower bud 
development is affected but little. 

Observations at the community sites suggest tiat 
the genetic trends displayed in the garden and the 
greenhouse may be less apparent under natural habi- 
tat gradients. The essential difference is the step- 
wise alteration in the beginning of spring activity in 
the natural habitats, in contrast to the uniformity of 
growth resumption among various members of a spe- 
cies in the transplant garden. 

Conditions favoring growth resumption differ very 
little except in the time of their occurrence through- 
out much of the grassland area. Although some plants 
in the southernmost communities (Texas) do not reach 
a complete stage of dormancy every year (Dykster- 
huis 1948), most communities under discussion here 
are in regions where dormancy is more complete. In 
the Lincoln garden, clones from the entire study area 
resumed growth within a relatively short time. Al- 
though certain species are characteristically earlier, 
the variation within a species in this respect was 
limited. 

The variable climatic values, different yearly dates 
of last killing frost in spring, yearly deviations in the 
precipitation pattern, and fluctuations in the yearly 
temperature patterns play a vital role in the seleec- 
tion of grassland vegetation. These deviations and 
fluctuations express the environmental amplitude 
which an individual must tolerate for continued exist- 
ence, not necessarily involving reproductive processes, 
within a grassland community. The marked degree 
of variability within a species-population in grass- 
land vegetation is a visible response to the highly 
variable nature of the habitat. 

The repetition of climatic conditions about a norm 
tends to select our reproductive features within a 
species-population corresponding to a_ particular 
growing period as well as to a particular temperature 
and moisture pattern. These normal values are more 
critical in the selection of behavioral characteristics 
than are particular extremes of annual conditions. 
The extreme habitat conditions are critical in so far 
as they determine which members of a community can 
survive. However, the recurrent conditions about 
the norm allowing reproduction will eventually deter- 
mine the composition of the community. Because of 
the perennial nature of members of grassland com- 
munities, the modification of community composition 
is apt to be less affected by yearly extremes than 
might be expected. However, studies (Albertson & 
Weaver 1946) during the drought of the 30’s suggest 
that the composition of certain grassland communities 
can be affected strikingly by the habitat pressures of 
climatic extremes. 

The role of climate in vegetational selection is no- 
where more evident than in grassland studies. The 
community behavior in a northern community (eg. 
Devils Lake, N. D.) is obviously attuned to a shorter 
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frost-free period than are communities to the south. 
The recurrence of a variable frost-free period, shorter 
in duration than those to the south, has resulted in the 
selection of populations able to reproduce under these 
shortened conditions. The climatic variability of 
late spring frost or early fall frost will result some 
years in failure to flower or a failure to produce mature 
seed in a number of populations. This yearly variabil- 
ity will seldom present an extreme that the popula- 
tion cannot tolerate, in part or as a whole. The selec- 
tion of individuals with characteristics of early matu- 
rity in a number of different species and the selection of 
opportunist species showing early maturity (such as 
Stipa) allows survival in a habitat where there is a 
variable but short frost-free period. 

The length of the light period has played a role 
in the latitudinal distribution of the grassland vege- 
tation. Olmsted’s work on Bouteloua (1944) and 
Larsen’s work on Andropogon (1947) have suggested 
the selective influence of the light period. From their 
studies, longer day requirements by clones from north- 
ern communities and shorter day requirements in 
southern communities are suggested. The light period 
studies presented above on a limited number of ex- 
perimental communities provide further evidence of 
the selective influence of day length. 

Rice (1950) in his evaluation of flowering in an 
Oklahoma prairie did not find a precise correlation 
between daylength during natural flowering and day- 


length indicated by greenhouse studies (Olmsted 
1944). This points to the difficulty of evaluating 


flowering under a natural sequence of daylengths in 
terms of behavior under a constant light period. In 
many clones the ability to flower under a series of 
constant light periods indicates that the time of flow- 
ering in nature is not apt to be correlated with a pre- 
cise time of year when a particular daylength occurs. 
The clone of Elymus canadensis from northern Okla- 
homa which flowered under 121%4-, 14-, and 1514-hr 
light periods indicates broad distributional potentiali- 
ties. Under conditions of the Oklahoma habitat where 
flowering takes place in June, floral initiation un- 
doubtedly occurs under the shorter daylengths. In the 
Nebraska transplant garden, the later date for growth 
resumption suggests that floral initiation may occur 
under daylengths longer than in its natural habitat. 
An ability to flower even under the longer daylengths 
of northern Minnesota is suggested by its flowering 
under long light periods. In Oklahoma, the ability 
to flower under longer light periods possibly would be 
of selective advantage in years of extremely late 
spring frosts. In northern Minnesota the selective 
advantage of ability to flower under 1214-hr light 
periods would be questionable. The time of spring 
frosts, though variable, would be followed by a suc- 
cession of long light periods. 

The latitudinal effect of light period was not evi- 
dent in the distributional pattern of Panicum vir- 
gatum. Flowering occurred at both 14- and 15%4-hr 
light periods for clones from all localities and was 
nearly simultaneous under both light periods for a 
particular clone. The striking difference was in earli- 
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ness of flowering. The early flowering in the north 
and west and late flowering in the south apparently is 
of greater selective significance in this species. How- 
ever, the deleterious effect of shorter days, 1214-hr, 
was suggested in the Minnesota material by minimum 
growth and subsequent dormancy. 

In Schizachyrium scoparium the early flowering 
characteristic of the Colorado Springs material was 
accompanied by an inability to flower under shortened 
light periods (14-, 12%4-hr). In possessing charac- 
teristics of early maturity and long-day requirements, 
it was very similar to plants from the northernmost 
population in Minnesota. The late date of resump- 
tion of growth in its native habitat (usually later 
than June 1) may have resulted ia the selection of a 
type which requires long days during its growth and 
floral initiation. 

The yearly moisture deviations undoubtedly have 
played a vital role in selection. An extremely vari- 
able moisture pattern during the warmer part of the 
year would favor later flowering among species of 
characteristic late maturity. This type of selective 
pressure is more common in southern and eastern 
communities. The unreliability of a moisture pattern 
makes the higher average precipitation of these com- 
munities deceiving. The northern and western com- 
munities with a lower annual precipitation tend to 
have greater reliability in moisture pattern. The 
greatest precipitation during the early part of the 
growing season has aided in the selection of indi- 
viduals with early maturity. 

Less variation in time of flowering is noted both 
within populations and between populations in areas 
with a greater likelihood of annual recurrence of 
similar habitat conditions. The magnitude of the 
variation is intensified under the extended and erratic 
moisture patterns of southern communities. 

The taller growth form of many species occurs in 
the southern and eastern communities. For survival 
in these areas of higher rainfall, the later maturity 
types have been selected for the advantage of greater 
vegetative height as well as greater height of flower- 
ing culms. 

Greater height among early-maturing grasses ap- 
parently is of reduced selective advantage. In Stipa 
spartea the similar growth pattern among clones from 
very widely scattered communities was evident. In 
Koeleria, however, a tendency toward longer leaves, 
though not flowering culms, was advantageous to 
clones from southern and eastern sites. Stipa spartea 
from all sites had leaves of a length which would 
allow survival among taller vegetation. Both Koeleria 
and Stipa are reduced in abundance in more souther- 
ly sites. The selective advantage of early behavior 
in northern communities has resulted in a predomi- 
nance of Stipa and Koeleria, as well as other grasses 
of this nature. In the more southern sites, early ma- 
turity, accompanied by a pattern of fall growth in 
both Koeleria and Stipa has less selective significance 
because of the lush growth of the later maturing 
grasses. The reduced length of cold period in more 
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southerly sites may also be less favorable for Koeleria 
and Stipa. 

The temperature sequences during the warmest 
part of the growing season have a remarkable simi- 
larity across much of the grassland area. Higher day 
temperatures may occur in the western sites along 
with somewhat cooler night temperatures. During 
July, in the normally hottest week (Visher 1954), 
much of the eastern grassland area has a normal 
daily range of temperature from 12° to 17° C. Slight- 
ly greater temperature variation is shown to the west 
and slightly less in the southeastern sites. 

The communities of the north and west are sub- 
jected to cooler night temperatures than are found 
in the transplant garden. The warmer nights of the 
garden may have resulted in more rapid development 
than would have occurred in the native habitat. How- 
ever, much of the flowering within material trans- 
planted from northern and western communities oc- 
curred during June, when the temperature sequence 
at Lincoln would greatly resemble the July sequence 
of the northern communities. There is a further 
possibility that slower activity by southern types re- 
sulted from the somewhat cooler temperature sequence 
of the Lincoln garden. 

The selective role of soil is significant within the 
overall action of climatic influence. Certain local 
modifications in behavior gradients are undoubtedly 
affected by soil. While the date of growth resumption 
in an area may be highly variable from one year to 
the next, differences in soil may modify time of 
growth resumption locally in any one year. Although 
not clearly demonstrated, local soil differences may 
result in the selection of earlier or later maturing 
types. The recurrence of edaphically-controlled habi- 
tat conditions might be expected to result in genetic 
adjustments within populations. 

Recurrent phenomena of land usage, including 
burning, will exert selective pressures favoring popu- 
lational conformity. The role of such recurrent fea- 
tures undoubtedly aecounts for certain modifications 
within the overall climatic control of grassland vege- 
tation. 

The central location of the transplant garden at 
Lincoln, Nebr. proved to be ideal for comparing be- 
havioral differences within grassland vegetation. If 
all of the communities studied here were moved to a 
transplant garden at Devils Lake, it is likely that 
flowering would not be completed by members of the 
more southerly communities. Caryopses production 
would be unlikely even in those from certain South 
Dakota localities. The western sites (such as Miles 
City, Mont.; Wheatland, Wyo. and Colorado Springs) 
presumably would be fairly successful. 

If the community study were moved southward to 
the Ponea City, Okla. site, there would be a greater 
likelihood of caryopses production in the latest flow- 
ering types. Presumably a similar sequence among 
communities would be shown. The actual flowering 
dates would possibly be somewhat earlier in the sea- 
son. The light period would undoubtedly prevent 
flowering among certain early-flowering clones. In 
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Oklahoma, the proper temperatures for growth re- 
sumption would not be accompanied by a light se- 
quence favoring floral initiation of most members 
from the most northern sites. Communities from 
southern Oklahoma and Texas which might be unable 
to flower in the Lincoln garden because of the shorter 
growing period could be evaluated better in Okla- 
homa than in Nebraska. If support for the trend of 
later maturity toward the south continues to accumu- 
late, as seems likely from the work of Cornelius 
(1947) and Larsen (1947) on Schizachyrium sco- 
parium, certain members of the more southern com- 
munities would be unable to flower in the majority of 
years in the Lincoln garden. 
/ As the birthplace of concepts developed by F. E. 
Clements, the central grassland of North America is 
of great significance to ecologists. The extent of a 
regional grassland climax, as interpreted by Clements 
(1936) was based primarily upon two criteria. The 
first, the life form of the dominants, the perennial 
grasses, provided the visible unity of the climax. The 
second, involving the widespread occurrence of certain 
genera and the geographic repetition of certain com- 
binations of species and genera, was drawn from dis- 
tributional data. Both of these criteria, one, physiog- 
nomic, and the other, distributional, can be used in 
delineating the present extent of a regional grass- 
land vegetation in North America. 

Clements (1936) recognized that the climate and 
the grassland climax were not “matched by a similar 
uniformity,” although this seems to have been over- 
looked by a number of his eritics. Clements noted 
that the average period without killing frost is about 
9 mo. in the south “but in the Canadian provinces it 
is less than 3, while the mean annual temperatures 
are 70° and 33° F respectively.” Furthermere, he 
noted that the maximum rainfall at the extremes of 
the climatic pattern not infrequently amounted to 3 
to 4 times that of the minimum. He stated that the 
difference in climate from Texas to Manitoba and 
Saskatchewan was particularly striking because only 
one association (mixed prairie) was involved. The 
difference in climate within the area of the true 
prairie type of community is equally noticeable. 

Although Clements devoted little writing to the 
apparent disharmony of vegetation and climate, he 
suggested in 1928 (p. 128) that “while there is every 
certainty theoretically that the responsive unit, the 
formation [the climax], is in harmony with the causal 
unit, the habitat, our present knowledge is inade- 
quate to prove this.” There can be only speculation 
on the reasoning which Clements may have used in 
resolving this apparent lack of correlation between 
uniformity of vegetation and non-uniformity in the eli- 
mate. Clements & Shelford (1939) suggest that the 
chief explanation of this seeming anomaly is to be 
found for plants in the evasion of temperature ex- 
tremes; however, this apparently has primary refer- 
ence to the life form, the visible unity of the grassland. 
The results of his many transplant studies (Clements 
et al. 1950) indicating that highly plastie behavior is 
a common characteristic of plants, may have provided 
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Clements with the basis for his resolution of the dis- 
tributional non-correlation. 

These studies of ecotypiec variation clarify certain 
aspects of the nature and distribution of grassland 
vegetation, for they indicate that a certain combina- 
tion of species in two areas may result from different 
phenomena. Through natura] selection in different 
areas, groupings of individuals referable to the same 
species represent fundamentally different communi- 
ties. The present studies indicate that the uniformity 
within a type of grassland community is apparent 
only as it reflects the geographic repetition of certain 
species combinations and the continuity of a physiog- 
nomic type. 

The grassland climax as proposed by Clements 
(1936), rather than being rendered untenable by 
studies of ecotypic variation, becomes more easily 
understood in its application to the present distribu- 
tion of grasses. The mechanism for the broad dis- 
tribution of the grassland climax involves the inti- 
mate relationship between the genetic gradients with- 
in vegetation and the habitat gradients, of which the 
selective influence of climate is paramount. The 
recognition of site climax communities as proposed by 
Whittaker (1953) receives additional support through 
an evaluation of ecotypic variation. The result of 
selection within the grassland climax has been the 
creation of geographic continua made up of site 
climax communities which are self-maintaining and 
have reached a partial stability and high productivity 
under the existing habitat pressures. 

The origin of grasslands becomes more complex 
and intriguing in the light of ecotypic studies. Prob- 
lems of origin are not easily reduced to simple con- 
siderations of grassland versus forests. These grass- 
land communities are surving in North America be- 
cause grasses, admirably suited to the highly variable 
nature of the habitat, have received selective prefer- 
ence. The complex nature of grassland vegetation 
and the selective forces which have produeed it indi- 
cate a closer affinity than is possible by a relatively 
simple one factor explanation, such as the creation 
and maintenance through burning (Sauer 1952). Al- 
though fire has undoubtedly played a significant role 
in grassland history, the action of fire is not basically 
directed toward the vital populational processes which 
have molded grassland vegetation. The patterns of 
variation within the grassland and presumably within 
forests have resulted from complex selective processes. 

Genetic diversity among members of a species was 
probably characteristic of pre-glacial grasslands in 
North America. Toward the north, natural selection 
had probably favored early-maturing types with an 
ability to grow and reproduce under long day condi- 
tions. With the advance of glaciation, it is likely that 
these forms did not migrate southward because of the 
light period conditions and because of the narrow 
limits of population variation within northern types. 
It is likely that variants within communities toward 
the south continued to survive due to their adjust- 
ment to southern light period conditions and to their 
breadth of behavioral variation. 
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Following the retreat of glaciation, the northward 
advance of grassland vegetation could be greatly 
facilitated by conceiving three primary distribution 
points, a western semi-montane area such as that now 
found near Colorado Springs, Colo., a southern area 
such as that in southern Oklahoma and northern 
Texas, and an area in southeastern United States. 
The expansion of grasslands into South Dakota, 
North Dakota, and adjacent Canada would have been 
greatly facilitated by the availability of western forms 
with their pre-adaptation to a short growing period. 
The mid-latitude, semi-montane types, such as those 
near Colorado Springs, are able to reproduce under 
longer light periods and many of these forms could 
be successfully used to re-populate northern areas 
with a minimum of selection. From southern com- 
munities, adapted to growth under shorter day condi- 
tions, but broad in their range of intra-populational 
variation, could have come material for moving rapid- 
ly across Kansas and into eastern Nebraska. From 
southeastern communities could have come the poten- 
tal for moving into eastern sites. 

Cytological evidence in Panicum virgatum (Me- 
Millan & Weiler, in press) suggests the spread of a 
northern and western tetraploid form. An octoploid 
form in Kansas and eastern Nebraska and the fre- 
quent occurrence of hexaploid forms along a contact 
line suggests hybridization between the northern and 
western early-maturing form and the southern later- 
maturing type. The widespread occurrence of a late- 
maturing tetraploid type in Iowa and Illinois sug- 
gests a separate post-glacial origin from the north- 
ern tetraploid form. In Elymus canadensis, the pres- 
ent occurrence of 3 general types in central North 
suggests a similar post-glacial spread of 
grassland vegetation. An eastern type, through Iowa 
and Illinois to southeastern South Dakota, eastern 
Nebraska and Missouri is the latest flowering type. 
This eastern form has morphological unity with stout- 
er and denser spikes accompanying the maturity pat- 
tern. The southern early-flowering form in Kansas 
and Oklahoma has a much less dense spike. The 
northern and western form, early to intermediate in 
flowering time, has a long, interrupted spike. Each 
of the 3 general types could have spread from the 3 
Pleistocene grassland areas suggested above. The 
variants in different parts of the range could have 
resulted from introgression with other species of 
Elymus during the Pleistocene or during more re- 
cent contact. In Bouteloua gracilis, though the eyto- 
logical evidence is incomplete, it is shown in unpub- 
lished studies that clones from South Dakota, North 
Dakota, Montana, Wyoming, and eastern Colorado 
presented the tetraploid number (n=40). These 
clones are uniformly early in their maturity patterns. 
From areas to the south, Snyder & Harlan (1953) 
have demonstrated the occurrence of higher chromo- 
some numbers and the general occurrence of tetra- 
ploids over a wide area of the upland plains of east- 
ern New Mexico and the Llano Estacado of Texas. 
Fults (1942) in an earlier study, showed the oceur- 
rence of the highest polyploidy levels in Oklahoma, 
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but he reported numbers in North Dakota material 
(2m = 21, 24, 35, 42) at variance with the present 
studies. As in Panicum, the spread of an early- 
maturing type would have been facilitated by the 
presence of a montane, mid-latitude type. The south- 
ern form would have had the greatest potential for 
restocking areas in Kansas and eastern Nebraska. 
In Schizachyrium scoparium, potential for repro- 
ducing during a brief growing season of long light- 
period conditions is present in material from the mid- 
latitude montane situation near Colorado Springs and 
from near Laramie, Wyo. In contrast, material from 
a mid-latitude situation at lower elevations (Lincoln, 
Nebr.) has a broad range of tolerance to light period 
but requires a longer growing period. Seemingly the 
migration into northern areas would be facilitated by 
mid-latitude forms adapted to long light periods and 
short growing seasons. As in Panicum, the range 
of variation within southern populations would pro- 
vide selective potential for areas with longer grow- 
ing season. At present, a particularly abrupt dif- 
ference in potential is shown by populations of S. 
scoparium in southern and northern Colorado. A 
similar abrupt difference is shown from southeast 
South Dakota to northeastern North Dakota. 

The past distribution of Stipa spartea offers the 
most latitude for speculation. From its present be- 
havior, its spread in any direction could be facili- 
tated. However, its present restriction to areas north 
of Oklahoma, and its rarity in Oklahoma and south- 
ern Kansas, suggests that its distribution may have 
been more restricted during glacial times than species 
with variation in genetic potential. 

The problem of getting a particular aggregation 
of species together is largely a speculative matter. 
Often suggestions that a relict community was “left 
behind” implies that it remains unchanged. To this 
point the results of this study should be directed. 
The distribution of grassland vegetation in the past 
was undoubtedly based on the same fundamental 
principles which govern its present distribution. The 
key to its distribution, widespread or in relicts, is 
undoubtedly due to the variants which make each 
stand of grassland at a given time fundamentally 
different from any other stand. 

The abstraction of discrete into 
grassland community-types (true prairie, tall grass 
prairie, short grass prairie, mixed prairie, etc.) is a 
convenient method of discussing communities with a 
particular combination of species (McMillan 1959). 
However, extreme caution must be used in generaliz- 
ing about characteristics other than distributional. 
As this study indicates, two grassland communities 
containing the same species components may be quite 
different from one another. 

This demonstration of grassland potential is an 
introductory example of the nature of variation that 
produces harmony between vegetation and its habi- 
tat. It further suggests that as a natural resource, 


communities 


the preservation of grassland potential calls for more 
than the protection of one large grassland area or 
It demands the intelligent management of 


even two. 
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grassland potential by the protection of grassland 

remnants throughout central North America. 


SUMMARY 


The role of ecotypie variation has been investi- 
gated in the present studies as the possible mechanism 
allowing the continuity of grassland vegetation over 
a broad geographic area. The potential of genetic 
variants within a number of grass species, permitting 
the geographic repetition of combinations of certain 
species and genera over an obviously non-uniform 
habitat, was studied. 

Investigations of behavior of grasses in a trans- 
plant garden at Lincoln, Nebr., and in the greenhouse 
under various light periods, coupled with observations 
of behavior within the natural habitats, provided an 
evaluation of the role of ecotypic variation in grass- 
land distribution. Clonal material was collected on a 
longitudinal and latitudinal grid of eastern Montana, 
North Dakota, Saskatchewan, Manitoba, northwestern 
Minnesota, South Dakota, Wyoming, Nebraska, Iowa, 
Colorado, Kansas, Missouri, Illinois, Oklahoma, Texas 
and New Mexico. The community sites were approxi- 
mately 100 to 150 mi apart. From each site, clonal 
samples were taken of the various populations of 
grasses represented. 

Three general flowering patterns were displayed in 
the transplant garden. The first, a pattern of eco- 
typic variation, showed early flowering for clones 
from the northern and western communities and later 
flowering toward the south and east. This type of 
flowering pattern was displayed by Koeleria cristata, 
Bouteloua gracilis, B. curtipendula, Panicum vir- 
gatum, Schizachyrium scoparium, the Andropogon 
gerardi-hallii complex, Sorghastrum nutans, and Spo- 
robolus heterolepis. The second pattern, also display- 
ing ecotypic variation, presented earliest flowering 
of clones from southern communities, followed by 
somewhat later flowering from western and northern 
communities and latest flowering from easternmost 
communities. Only Elymus canadensis displayed this 
flowering trend. The third pattern of flowering was 
displayed by Stipa spartea, S. comata, and Oryzopsis 
Here, flowering was simultaneous for 
The species 


hymenoides. 
clones from all communities represented. 
displaying the third pattern are opportunist types 
which resume growth and flower as soon as conditions 
permit. Their distribution is not brought about 
through the selection of maturity gradients as in the 
species represented in the first two flowering patterns. 

Spring activity in the transplant garden varied 
from one species to another and from one clone to 
another within the same species-population, but there 
was no geographic trend in time of growth resump- 
tion. Within species displaying, genetic gradients 
of flowering time, there was a marked similarity in 
the response to temperature phenomena favoring 
spring activity. 

Height and maturity correlations were indicated 
for a number of species. Shorter stature was corre- 
lated with the early maturity of northern and west- 
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ern material and was replaced by taller growth of the 
later-flowering forms toward the south and east. 
Correlations of height and maturity were not shown 
by Elymus canadensis, the only species with earlier 
maturity in southern species-populations. 

For greenhouse evaluations, community sites in 
northern Minnesota, eastern and western Nebraska, 
northern Oklahoma, eastern Iowa and central Colo- 
rado were selected to represent a latitudinal gradient 
and a west-east, altitudinal gradient. The clones were 
exposed to 3 light periods, 1214-, 14- and 1514-hr. 

In the light period studies, early flowering from 
southern and western sites was displayed by Elymus 
canadensis, while early flowering from northern and 
western sites was indicated by Schizachyrium sco- 
paruim, and Panicum virgatum. The longest light 
period produced earliest flowering in Elymus, but re- 
sulted in later flowering in Bouteloua gracilis and 8S. 
scoparium. Only Elymus from the Oklahoma com- 
munity flowered under the shortest light period. From 
the northernmost site, clones of B. gracilis and 8S. 
scoparium failed to flower under light periods shorter 
than 1514-hr. Bouteloua gracilis from the southern- 
most site did not flower under the longest light period. 
Panicum virgatum from all sites flowered under both 
14- and 151%-hr light periods, but only the Minnesota 
clones underwent an early dormancy under the short- 
est light period. 

In the natural habitat, convincing trends for ear- 
liest flowering in northern and western sites were 
shown by Schizachyrium scoparium, Panicum vir- 
gatum and Andropogon gerardi-hallii. Earliest flow- 
ering in southern sites was displayed by Stipa spar- 
tea, Koeleria cristata, and Elymus canadensis, each of 
which presented a different flowering pattern under 
transplant-garden conditions. Bouteloua gracilis 
displayed a tendency for earlier flowering in western 
sites, but the pattern was highly discontinuous due to 
a marked dependence upon moisture availability. 

The flowering gradient within a species in the 
transplant garden covered a longer span of time than 
in the natural habitat. The later time of growth re- 
sumption toward the north and west in most species 
results in a reduced span of flowering time. The 
primary controls of flowering time, the time of growth 
resumption and a genetic maturity factor, are most 
clearly demonstrated in the transplant garden where 
time of growth resumption is relatively constant. 

The communities in a latitudinal transect from 
Devils Lake, N. D. to Ponea City, Okla. have been 
selected for self-maintenance under the progressively 
longer growing season toward the south. During 
1957, clones representing 6 species-populations at 
Devils Lake reached initial anthesis in the transplant 
garden over a 40-day span, those from Ponea City 
over a 125-day span. 

Communities along a latitudinal transect from 
Montana to Colorado displayed a similarity of re- 
sponse in the transplant garden. The span of initial 
flowering was almost identical for a Miles City, Mont. 
community, a Wheatland, Wyo. community, and a 
Peyton, Colo. community. There is a significant in- 





THE ROLE oF Ecorypic VARIATION 





307 


crease in altitude toward the south, 715 m at Miles 
City, 2200 m at Peyton. There is a corresponding 
similarity in time of growth resumption in the natural 
habitats, followed by a shortened growing season. 

In the transplant garden, communities along an 
altitudinal gradient from 2200 m in Colorado to 310 
m in eastern Kansas evidence the vegetational selec- 
tion for a progressively longer growing period toward 
the lower elevation. 

These studies of the role of ecotypiec variation in 
grassland distribution suggest that the grassland 
climax is surviving in North America, because grasses, 
admirably suited to the highly variable nature of the 
habitat, have received selective preference, The 
mechanism of grassland distribution involves the inti- 
mate relationship of genetic gradients within vegeta- 
tion coupled with habitat gradients, of which the 
selective influence of climate is paramount. 
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INTRODUCTION 

Inherent nanism among many varieties of conifer- 
ous plants (Chittenden 1931, Hornibrook 1923, Reh- 
der 1940) has been reported, but is primarily of in- 
terest to the horticulturist. Of the natural arborescent 
pines of the northeastern United States, Pinus strobus 
(Chisman & Lylo 1958) and P. resinosa (Bailey 1928) 
are the only ones listed as having known dwarf va- 
rieties. Allard (1940) deseribed a globose form of 
Pinus rigida from Virginia, but its dimensions, 7.5 
ft tall and 12 ft in crown spread, hardly qualify it 
as a dwarf. On the other hand, environmental 
nanism of conifers (Daubenmire 1947, Weaver & 
Clements 1938, Braun-Blanquet 1932) is evident in 
many normally formed species that are subjected to 
edaphic or climatic extremes. : 

Several areas in the Pine Region of southern New 
Jersey (Lutz 1934) called the Plains, support low- 
coppice forests of Pinus rigida, Quercus ilicifolia, and 
Q. marilandica that average 4 to 6 ft in height. This 
dwarfed condition has been attributed to a variety of 
causes, most of which are environmental. Among the 
local conditions thought to be of influence are: insect 
attack (Stevens 1940, Gifford 1900, Little 1946) ; 
“tough” soil materials or hard-pan (Harshberger 
1916, Gifford 1900) ; toxic quantities of soluble alumi- 
num (Joffe & Watson 1933, Tedrow 1952); poor 
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quality soils (Blair 1925); high wind velocity (Stone 
1911, Seifriz 1953); and repeated, destructive fires 
(Gifford 1900, Pinchot 1899, Little 1946, Moore 1936, 
Lutz 1934). In an admirable study of the ecological 
relations in the East and West Plains areas of Bur- 
lington and Ocean Counties, Lutz (1934) rejected 
physiography, geological materials, macro- and micro- 
climatological extremes, and a great variety of 
edaphic conditions including soil series and texture, 
pH, volume weight, and available nutrients as causes 
for the stunted growth on the Plains. His final con- 
clusion regarding the causal condition of the nanoid 
Pinus rigida was that frequent burning periodically 
destroyed the aerial portions of the trees thus allow- 
ing dormant root-collar buds to sprout again and 
again to develop into scrubby aerial shoots. He also 
commented that, if left unburned, the small pine 
sprouts would eventually assume the proportions of 
normal-sized trees. 

Among the several topies diseussed at a recent 
ecological symposium on the New Jersey Pine Bar- 
rens was a review of the causal factors of the Pine 
Plains (Tedrow 1952) that created a spirited debate. 
Little (1946) suggested that the Plains growth is 
caused by frequent and repeated fires, while Tedrow 
(1952) suggested that one of the major causes was 
toxie concentrations of soluble aluminum. In the de- 
bate this suggestion of aluminum toxicity as the pri- 
mary factor was supported as against fire as the con- 
trolling factor but was based on a few samples that 
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were primarily of an exploratory nature. As a sequel 
to the difference of opinion concerning fire versus 
soluble aluminum as the primary factor, the present 
study was initiated to determine if aluminum plays a 
significant role in the growth forms of the pines in 
the Plains (Fig. 1), Barrens (Fig. 2), and Transi- 
tion communities as defined by Lutz (1934). Al- 
though the term “community” (Eggleton, et al. 1952) 
usually implies a biotically homogeneous association, 
Lutz (1934) used the term in a physiognomic sense 
when he described the three communities. He identi- 
fied the Plains community as one “. . . characterized 
by low tree growth, i.e., less than 11 feet in height”; 
the transition community as “. .. a vegetation condi- 
tion representing a stage of development intermediate 
between the Plains and Pine Barrens . . .” between 
11 and 25 ft tall; and the Pine Barren Community 
as “. . . characterized by relatively open, pure or 
nearly pure stands of pitch pine (Pinus rigida) ... 
with heights usually ranging from 25 to 55 feet.” 
These three communities are recognized in the present 
paper, but the term “area” is substituted for “com- 
munity,” for, as McCormick (1955) suggests, there 
are many different communities (sensu Eggleton, et 
al. 1952), e.g., pitch pine lowland, cedar bog, oak- 
pine, pine-oak, ete., within the Barrens. There also 
are various associations or communities in the Transi- 
tion and Plains areas, but in all the common tree of 
primary interest was Pinus rigida. 














The multiple 
sprout clumps of Pinus rigida, Quercus ilicifolia, and Q. 
marilandica to the rear of the enclosure range between 
4 and 8 ft in height. 


Fig. 1. Site of the Plains planting. 


The area selected for study is contained in an oval 
18 mi long, centered on Cedar Bridge and roughly 
straddling the Burlington-Ocean County line between 
Mt. Misery and Munion Field (Fig. 3). The geologic 
formations found throughout the area are primarily 
the Cohansey, which furnishes the surface materials 
of the greater portion of the gently undulating ter- 
rain, and the Beacon Hill, which eaps the ridges of 
higher elevation (Salisbury & Knapp 1917). Lee, 
et al. (1923) elassified the soils, which usually are 
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The Pinus 
alba to the 
20 and 30 ft. 


Fig. 2. 
rigida, Quercus prinus, Q. 
left of the enclosure range 


Site of the Barrens planting. 
velutina, and Q. 


between 


very sandy, as belonging primarily to the Lakewood 
and Sassafras series, but M. Markley informed the 
author that a recent survey indicates that the 
large, supposedly homogeneous soil areas are in reali- 


soil 


ty composed of many varying soil series and textures, 
the most important of which is the Evesboro. He also 
mentioned that the term Sassafras has been replaced 
by the term Downer in describing this soil series in 
the study area. The climate of the Cedar Bridge area 
is characterized by an evenly distributed average rain- 
fall of 47 in., a frost-free period of 180 days, moder- 
ate winds from the northwest and southwest, and oe- 
casional tropical disturbances which bring high wind 
and rain (White 1941). 

In this investigation of the several factors that 
contribute to the stunted sprout growth of Pinus 
rigida, four phases of work were carried out: (1) 
plantings of Pinus rigida seedlings were made in the 
Plains and Barrens determine possible 
growth and survival differences; (2) a series of 25 
Pinus rigida of various ages were cut to observe 
sprouting habits; (3) tests involving Pinus rigida 
and Avena sativa were carried out in soils obtained 
from the Plains and Barrens to detect growth differ- 
ences, if any; and (4) a comparative survey was 
made of the soils and vegetation found in the Plains, 
Transition, and Barrens areas. In phases 1, 3, and 4 
the soils were analyzed for physical and chemical 
components, especially for soluble aluminum. Nomen- 
clature of plant species is according to Gray’s Manual, 
8th edition (Fernald 1950). 

‘The author gratefully acknowledges the invaluable 
advice and field assistance of Dr. Silas Little and Mr. 
Mareo Markley, the laboratory assistance given by 
Mr. Albert Owens and Mrs. Joyce Torio, and the 
constant and critical guidance of Dr. Murray F. Buell 
and Dr. John C. F. Tedrow. 
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Fig. 3. 


General location of study area. 


SURVIVAL AND GROWTH OF FIELD 
PLANTED PINUS RIGIDA 


METHODS 

To determine possible differentials in the growth 
in the growth and survival rates of planted Pinus 
rigida in the Plains and Barrens, 200 two-year-old 
seedlings were planted in each area. Requisites for 
the planting sites were that both be cleared of trees, 
sprout growth, and small shrubs, that the soil series 
be similar, and both be aecessible but not too con- 
spicuously exposed to the view of potential vandals. 
A cleared field (74° 31’ W Long, 39° 55’ N Lat) on 
the Lebanon State Forest, near Mt. Misery, Burlington 
County, surrounded by typical Barrens growth and a 
similar cleared section about 8 mi to the southeast on 
the landing-strip apron of the abandoned Coyle air- 
port (74° 26’ W Long, 39° 49’ N Lat) surrounded 
by Plains growth were selected as the planting sites. 
Both sites are described (Lee, et al. 1925) as within 
the Lakewood soil series, but the Barrens soil is elassi- 
fied as Lakewood sand and the Plains soil as Lake- 
wood loamy sand. 

The graded (8- to 12-in. tops) seedlings, of re- 
portedly similar New York State provenance, were 
grown at the Washington Crossing Nursery, Titus- 
ville, New Jersey. The seedlings were lifted on 23 
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April, 1955, and planted the same day. Seedlings 
were planted by the modified wedge method which is 
known to give excellent survival rates (Mullin, 
Schweitzer, & Morrison 1954). At planting time, 
the soil at both sites was moist and frostless; the 
weather was rainy and cold (40° F). Eight 25- 
tree plots, separated by 10-ft isolation zones, were 
established at each site. The seedlings were spaced 
at 3-ft intervals to form a square with 5 trees on a 
side. On the following day, 4 blocks (previously 
selected at random) at each site were fenced with 1-in. 
wooden slats nailed horizontally 1 ft apart on 8-ft 
cedar posts. Although wire poultry-netting would 
have been more effective, it was not used because of 
the close proximity of a radar scanning tower. 

Superimposed upon the plots was a series of ferti- 
lizer treatments designed to test their stimulatory 
effect, if any, upon the planted seedlings. On the 
day of treatment (27 March, 1957) the weather was 
cool with slight precipitation. The 4 treatments con- 
sisted of applications of: (a) 1 T of 10-5-5 (NPK), 2 
T of hydrated lime, plus 1 T of ground limestone/A; 
(b) 1 T of 10-5-5 (NPK)/A with no lime treat- 
ment; (c) no fertilizer, but 2 T of hydrated lime, 
plus 1 T of ground limestone/A; and (d) no ferti- 
lizer or lime—the control. Sub-plot units of the 4 
trees in each corner of each of the 25-tree plots were 
treated at random so that each of the 4 treatments 
occurred once in each plot. The remaining 9 trees 
that separated the corner sub-plots were utilized as 
buffers. Both the Barrens and Plains sites contained 
eight replications of each treatment. The lime and 
fertilizer were applied at the prescribed rate within 
a 3-ft portable ring centered on each seedling. 

Annual observations were made of browsing and 
insect damage, survival rate, and strobile and cone 
production. Growth increments were recorded at the 
same time. For brevity, the Barrens planting site 
will hereafter be referred to as BP and the Plains 
planting site as PP. 





RESULTS 


SURVIVAL AND INCREMENT RATES 

Comparative growth rates, mortality, browsing in- 
tensity, and insect infestation are summarized in 
Tables 1 and 2. During the summer of the first year 
of planting, 19.5% of the BP and 6.5% of the PP 
seedlings died. This was the greatest mortality rate 
of the 3 recorded growing seasons. Mortality was 
moderate for both plantings in 1956, but rose sharply 
to 13.5% of the original 200 for BP in 1957. The 
last observations in the spring of 1958 indicated a 
total survival rate of 63.5% for BP and 89% for PP. 
Based upon the heights of 52 BP and 90 PP seedlings 
at the end of the third field-growing season, mean 
heights of 12.5 and 19.0 in., respectively, were found. 
Total heights of all surviving seedlings were measured, 
but only the data of the untreated trees are presented 
for total height because of possible deleterious or 
beneficial effects of the fertilizer or lime treatments. 
Seedlings with browsed terminals were also exeluded 
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TABLE 1. Mortality, browsing, and insect damage 
pereentages of BP and PP seedlings. Browsing and in- 
sect figures expressed as percent of living trees at times 
of measurement in early spring of 1957 and 1958. 

















| 
Factor Growth Year | BP PP 
Mortality... .. 1955 19.5 6.5 
1956 3.5 2.5 
1957 13.5 2.0 
ee 36.5 11.0 
Browsing.......... 1956-57 (side) 12.7 9.7 
(top) 14.1 4.3 
1957-58 (side) 0.0 | 
(top) 17.9 4.4 
SESSA eer creer 1956 0.7 5.5 
1957 6.3 6.2 
Pine webworm.......... 1956 0.0 0.6 
| 1957 8.7 | 1.7 








TABLE 2. Summary of mean growth increments and 
total heights in inches of BP and PP seedlings. 




















BARRENS PLAINS 

' Treatment* | Growth No. of No. of 

| Year | Mean| Trees | Mean | Trees 
Fertilizer and lime. . .| 1957 2.5 22 3.5 29 
Fertilizer and no lime .| 1957 1.5 15 5.0 24 
Lime and no fertilizer .| 1957 2.0 14 3.0 22 
SRN iis. bo was 1957 2.5 52 3.0 90 
Untreated........... 1956 2.0 | 120 5.5>| 180 
Untreated total height) 1955-57 | 12.5 52 | 19.0 90 











® Rate of application of fertilizer was 1T/A 10-5-5 (NPK); lime treatment 
consisted of 2T/A hydrated lime plus 1T/A ground limestone. Applied after 1956 
measurement. 

b Significant at the 5% level. 


from the mean. The standard error of the difference 
for the 1956 growing season was statistically signifi- 
cant and in favor of PP at the 5% level for 120 BP 
and 180 PP seedlings. It will be noted that a con- 
sistently greater growth of PP over BP seedlings is 
shown in every treatment, including the untreated 
trees (Table 2). No marked differences were mani- 
fested between treatments within each planting site, 
and the low number of variants did not lend itself to 
a statistical analysis for inter- and intra-site compari- 
sons. Again, top-browsed seedlings were not in- 
cluded in the growth increment calculations. 


BROWSING 

Damage by browsing mammals was evidenced by 
the cropping of the terminal shoots and side branches 
of the unfenced seedlings in both areas. No apparent 
browsing occurred during the first winter (1955-56) 
after planting, but during the following winter, side 
browsing for BP and PP were 12.7 and 9.7% and 
top browsing for BP and PP were 14.1 and 14.3%, 
respectively. Data for the dormant season of 1957-58 
indicated no side browsing in BP and only 1.1% in 
PP, but 17.9% of BP and 4.4% of PP were top 
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browsed. One individual PP seedling and 2 BP seed- 
lings were browsed both in 1956-57 and 1957-58, but 
these were recorded as individual browsings (Table 
1). 
INSECT DAMAGE 
Sawfly (Neodiprion spp.) defoliation in BP in- 
creased from 0.7% in 1956 to 6.3% in 1957. Initial 
defoliation was greater in PP with 5.5% in 1956, but 
was similar to BP in 1957 with 6.2%. Two PP seed- 
lings were totally defoliated by a 1956 summer brood 
of sawflys. Failure to leaf out and death followed 
in 1957. The number of PP seedlings infested with 
pine webworms (Tetralopha robustella) rose from 
0.6% in 1956 to 1.7% in 1957. The BP seedlings, 
however, were not attacked in 1956, but 8.7% were 
infested in 1957. 


FLOWERING AND FRUITING 


Several staminate and ovulate strobiles were ob- 
served in both BP and PP seedlings during the spring 
of 1955 and viable seed were formed by the fall of 
1956 (Andresen 1957). One- and 2-yr-old cones were 
also observed in the early spring of 1958. 


SOILS 

Results of the soil analyses of samples collected 
from the BP and PP sites are summarized in Table 
3. Both soils exhibited the distinct bleached A, 
horizon of the Lakewood soil series. An almost pure 
sand was found in BP, but a loamy sand was present 
in PP. Residual charcoal of previous fires was found 
in the A, and A, horizons of both soils. Coarse 
gravel over 4 mm was uncommon in the BP soil and 
particulates between 4 mm and 2 mm in size de- 
creased in amount from 10.6% in the Ag, to 0.8 and 


TABLE 3. Physical and chemical characteristics of 
soil horizons supporting BP and PP seedlings. 





Barrens (BP) Puarns (PP) 


Soil type Lakewood sand Lakewood loamy sand 
PURI ons ts anv dnces Ao | B Cc Az B Cc 
Horizon thickness in inches. .| 16 | 6 ian 6 10 Sa 
Depth of sample in inches 10 20 31 4 12 28 


Components—physical % 


Gravel (>2 mm)........ 10.6 0.8 1.3 6.6 8.9 | 36.0 
Total sand (2-0.046 mm).| 98.0 | 98.5 | 97.6 90.5 | 84.4) 81.5 
Very coarse sand (2-1 mm) 4.7 4.4 .2 7.6 7.4 6.9 
Coarsesand(10.5mm)..| 16.7 | 20.4 14.6 29.2 | 26.0 | 24.3 
Medium sand 

(0.5-0.25 mm)........ 39.3 | 43.3 | 40.1 37.6 | 33.4] 31.4 
Fine sand 

(0.25-0.105 mm)...... 35.5 | 29.9 | 38.3 13.2 | 13.6] 14.7 
Very fine sand 

(0.105-0.046 mm)... .. 1.7 0.4 2.3 a:7 4.0 4.2 
Silt (0.05-0.002 mm)....| 0.0 0.0 1.4 6.5 9.6 8.0 
Clay (0.002 mm)....... 2.0 1.5 1.0 3.0 6.0 | 10.5 

Components—chemical ppm 

Aluminum............. 40 20 60 160 200 240 


NG cise sc aea nbn 120 75 75 75 75 75 


PR osspecsevstes 5.0 7.5 2.5 12.5 5.0 7.5 
Phosphorus............- 0.5 0.5 0.5 0.5 0.5 0.5 
Magnesium... . ae 7.5 5.0 5.0 2.5 5.0 5.0 
Beppe Nes rs art 5.3] 5.3 | 8.3] 4.8| 5.1] 5.2 
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1.2% in the B and C horizons, respectively. Soil parti- 
cles over 2 mm increased with depth from 6.6 to 8.9 and 
36.0% in the respective Ag, B, and C horizons of PP. 
Very coarse gravel (1-2 cm) was common in the C 
horizon of PP, but was absent in BP. The total sand 
based on a 100 gm sample of the A», B, and C hori- 
zons of BP was approximately 98%, but the soil of 
PP yielded 90.5, 84.4, and 81.5% from the Ag, B, and 
C horizons, respectively. Distribution of the 5 classes 
of sand was similar (Table 3) in both sets of samples 
with the greatest percent in the medium sand range. 
Particles of silt size were absent from the A, and B 
horizons of BP, clay decreased in 0.5% decrements 
from 2.0% in the A, to 1.0% in the C. In PP, how- 
ever, silt amounted to 6.5, 9.6, and 8.0% in the Ag, 
B, and C horizons and clay-sized particles for the 
same horizons were 3.0, 6.0, and 10.5%. The total 
thickness of the A horizon of BP was 16 in. versus 6 
in. in PP. 

Amounts of available Ca, K, P, and Mg were not 
markedly different between horizons or planting sites, 
but the soluble aluminum was much higher in PP. 
Soluble aluminum in quantities of 160, 200, and 240 
ppm were found in the PP As, B, and C horizons, 
respectively, while 40, 20, and 60 ppm were found in 
the corresponding horizons of BP. The pH of all the 
BP horizons was 5.3, but in PP it increased from 4.8 
to 5.1 to 5.2 in the respective Ay, B, and C horizons. 


DISCUSSION 
SURVIVAL AND INCREMENT RATES 

The initial mortality rates of the planted seedlings 
of BP and PP are similar to those observed by the 
following workers, but the subsequent and differential 
survival rates within and between the two planting 
sites will require further discussion. 

Wakeley (1954) indicates that mortality is great- 
est during the first year of field planting of three of 
the southern pines—Pinus elliottii, P. taeda, and P. 
echinata. He also writes that a marked increase in 
mortality does not occur again until the crowns close. 
In their analysis of planting failures in the Inter- 
mountain Region, Korstian & Baker (1925) write: 
“The high mortality during the first growing season 
is due primarily to the inability of the roots to ab- 
sorb moisture from the soil as rapidly as it is lost 
from the leaves through transpiration.” Early mor- 
tality was further increased because of insufficient 
water absorption by small seedlings with poorly de- 
veloped roots, in addition to droughty soil conditions 
during and after planting. In another analysis of 
seedling mortality, Stiell (1955) found that it was 
greatest within the first few years following establish- 
ment at the Petawawa plantations in southeastern 
Ontario. After studying Picea glauca, Pinus banksi- 
ana, P. resinosa, P. strobus, and P. sylvestris, he 
stressed that detailed observations and annual survival 
counts should be made after planting to determine the 
exact causes of mortality. An experimental planting 


of several species (Kramer, Oosting & Korstian 
1952), conducted to determine survival rates under a 





A Stupy or PsEupo-Nanism In Pinus rigida Miu 





313 


forest canopy, at outer shadow-edge of the forest 
canopy, and in an open field, revealed that 44% of 
the Pinus echinata planted in the open had died dur- 
ing the first year of planting followed by an addi- 
tional 16% during the second year. Seedling mor- 
tality rates of 29% during the first season of plant- 
ing have been reported by Wood (1936). He observed 
seedlings of Pinus rigida and 5 other species of Pinus 
planted in sandy, well-drained soil in Burlington 
County, New Jersey. A prolonged rainless period of 
23 days during the growing season of 1930 was con- 
sidered the major cause of the death of the seedlings 
planted in the spring of that year. He did not, 
however, explain why the initial death rate of a 1931 
planting in the same area was 29.5% even though the 
period without rain was only 13 days. In addition, 
the positive departure of 11 in. of precipitation for 
the period of March to September and a maximum 
rainless period of only 8 days can hardly be used as 
an explanation for the greater mortality rate for the 
1933 growing season when compared to a low mor- 
tality rate for a much drier (negative departure of 
3.12 in.) 1932 growing season. 

The initial high mortality rates of the present BP 
and PP seedlings were undoubtedly influenced by the 
low rainfall (0.13 in.) from 22 May to 11 June, fol- 
lowed by another dry period from 25 June to 14 
July, 1955, when only 0.06 in. fell (Long 1955). 
These data are even more significant than the monthly 
totals and departures (Table 4). Wood’s (1936) 
statement (concerning seedling mortality in his study) 
that “evidence that drought has killed many of the 
seedlings is largely circumstantial, yet may be almost 
incontrovertible” is pertinent to the present study. 
When the seedlings were planted in 1955, each seed- 
ling was placed in an 8-in. deep hole and covered with 
the soil originally dug from the hole. This technique 
brought the PP soil B horizon, which was relatively 
high in fine and colloidal materials, into intimate con- 
tact with the roots whereas a hole of similar depth 
in BP brought only Ag, soil, which is 98% sand, into 
contact with the roots. An inspection in March, 1958, 
of several root systems in each area revealed a slight 
additional penetration in depth but a much wider 
lateral spread. The usual tap root that normally 
develops (McQuilken 1935) and which was present 
when the seedlings were planted was apparently in- 
hibited by the lifting and planting. The root forms 
which developed undoubtedly aggravated the BP mor- 
tality, for even the largest seedlings still were rooted 
only in the A» horizon, while the PP tree roots were 
well within the B and coming in contact with the 
B-C horizon interface. The increase in gravel con- 
tent with depth in the PP soil had little effect upon 
seedling growth for it was offset by a corresponding 
increase of silt and colloidal materials. It is as- 
sumed that one of the primary causes of the greater 
total BP seedling and mortality and lower height in- 
creases is caused by the lower water holding capacity 
of the structureless sandy soil leading to greater mois- 
ture stress during droughty periods. 
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Precipitation (in inches) records and de- 
partures from a 70-yr mean for months of March to 
September, 1954-57. Data from Long (1955, 1956, 1957) 
for Pemberton, New Jersey. 


TABLE 4. 























1955 1956 1957 
Month f ee te Sie e gh eR | 

Precip.| Dep. | Precip.| Dep. | Precip.| Dep 
March... . 4.66 | +1.07 4.92 | +1.19 3.67 | —0.06 
April... . | 2.54 | —0.69 | 3.17 | —0.27 | 4.53 | +1.09 
May.... 1.17 | —1.98 2.62 | —1.36 0.74 | —3.24 
June 4.03 | —0.60 | 2.94 | —0.95 | 1.78 | —2.11 
duly. ... 0.18 | —4.04 8.13 | +3.83 1.15 | —3.20 
August. 8.50 | +3.72 3.98 | —0.95 2.79 | —2.14 
September... 2.14 | —2.03 3.62 | —0.07 2.37 | —1.32 
Yearly totals | 45.78 +1.21 | 51.25 | +7.61 | 34.99 | —8.65 





This condition, coupled with the failure of the BP 
roots to penetrate to lower depths and the prolonge 
rainless periods, produced the higher mortality rate 
especialy in 1957 when the already weakened BP 
seedlings perished at a rate of 7 to 1 when compared 
to the PP seedlings (Table 1). 

Growth increments (Table 2) of the fertilized 
seedlings taken the spring after treatment revealed 
little difference between treatments, although the 
treatment with fertilizer and no lime produced less 
dry weight than the control in BP, but better growth 
than the control in PP. A check of survival rates in 
1958 of the controls and fertilized trees revealed no 
important differences either within or between areas. 
There is no indication of consistently higher growth 
rates of fertilizer and lime treatments over the contro] 
of PP. Wakeley (1954) comments that fertilization 
of young trees often increases seedling mortality by 
stimulating the growth of competition around the 
seedlings. He also mentions that growth rate rather 
than survival rate is improved. In the present study, 
however, no increase in competition between treated 
and untreated sub-plots was noted and as previously 
indicated no differences in survival or height incre- 
ments were discernible. Noticeable effects may yet 
appear, for it must be recalled that the measurements 
taken were only for the first year after application. 

In summary of the edaphic conditions, it is evi- 
dent that available nutrients in both BP and PP are 
low in quantity, but show no marked differences be- 
tween areas. The much larger amount of soluble 
aluminum in the PP soil seems to be largely coinci- 
dent with the greater clay content and slightly with 
the soil reaction. But this combination of more alumi- 
num and lower pH has had no inhibiting effect upon 
the PP seedlings when compared to BP. A review of 
the more pertinent soil factors that may bring about 
plantation failure is given by Wilde (1946). They 
are: soil moisture deficiencies caused by insufficient 
amounts of colloids; insufficient humus; soil nutrient 
deficiencies; unfavorable pH; and the action of toxic 
amounts of soil elements. Of these factors, only the 


first seems to be of any significance in explaining the 
differences in survival and growth rates between BP 
and PP. 
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BROWSING DAMAGE 

The following authors have described browsing 
damage in young forest plantations and usually 
attribute it to either deer or rabbit feeding but not 
to a combination of both on any particular area. 
One report of severe browsing of young Pinus syl- 
vestris transplants in southeastern Ontario is given 
by Stiell (1955), but he makes no mention of rabbit 
damage. On the other hand, McLeod (1956) reports 
intense rabbit damage to young Pinus strobus seed- 
lings in New Brunswick, Canada, and conversely re- 
ports no deer browsing. During a chemical deer-re- 
pellent study involving Pinus rigida and P. echinata 
seedlings, McQuilken & Little (1952) found no statisti- 
eal difference in browsing intensity between treated 
and non-treated seedlings, but they did observe that 
deer browsed the smaller seedlings in the 0.1 to 1.0 ft 
class more heavily than seedlings larger than 1.0 ft. 
They also report that during the winter of 1949-50 
deer browsed 72% of the untreated trees, but here, 
too, there was no reported rabbit damage. Little & 
Somes (1951) also indicate that in some areas of the 
New Jersey Pine Region deer may damage over 50% 
of the Pinus rigida and P. echinata regeneration dur- 
ing the dormant season. A recent report (Little, 
Moorhead & Somes 1958) also calls attention to the 
intense deer browsing of young seedlings and tender 
sprouts of Pinus rigida. In contrast, Hazen & Wood 
(1935) believed that rabbits were the cause of animal 
damage to small pine seedlings in an area near the 
margin of the New Jersey Pine Region. However, 
at the time and place of the study, the population of 
deer may have been much lower than it has been re- 
cently, particularly in the Lebanon State Forest. 
Hazen & Wood reported no animal damage within a 
“rabbit proof” 2-ft high, 1-in. mesh wire enclosure. 
They also assumed that mice or deer could penetrate 
the enclosure but rabbits would not. Rabbits are 
certainly known to be destructive to young conifers 
(Aldous & Aldous 1944, Jameson 1956, Wakeley 
1935). 

Deer and rabbits were seen in the vicinity, and 
numerous deer tracks were observed in both BP and 
PP throughout the 3-yr study period, but at no time 
were these mammals seen feeding upon the seedlings. 
The greater number of seedlings browsed in BP may 
indicate: (1) a higher mammal population, (2) 
greater protection from disturbance while feeding, 
(3) seareity of other browse, (4) greater palatability 
of seedlings, and (5) greater snow cover that would 
have obscured edible ground cover. The possibility 
of a greater deer population at BP is doubtful for 
both wild and controlled dogs are found very close 
to BP. Also, native poachers would tend to keep the 
size of deer herds reduced. Actually, greater pro- 
tection is offered the deer in PP because of its greater 
isolation and denser vegetation caused by the myriads 
of sprout clumps. Snow on the ground was similar 
for both areas. The limitation of the browsing to the 
unfenced plots also precludes the existence of rabbit 
damage, for rabbits could easily have passed through 
the wide spaces of at least 1 ft between the slats. 
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INSECT DAMAGE 

Pine webworm (Tetralopha robustella) damage to 
young southern pine seedlings has been reported by 
Wakeley (1954) and Williston & Huckenpahler 
(1958), but they all write that damage is usually light 
unless seedlings are small or already weakened. Neg- 
ligible damage to Pinus rigida seedlings by the web- 
worm in New Jersey has also been reported (Wood 
1936). The infestations present in the BP and PP 
sites tend to confirm the above observations. Pro- 
portionally greater webworm attack, 8.7% for BP 
and 1.7% for PP (Table 1), is closely related to the 
weaker and smaller BP seedlings. 

Wakeley (1954) reports that sawfly (Neodiprion 
spp.) larvae defoliate southern pines from the seed- 
ling to the adult stages. Craighead (1950) reports 
that the sawfly can cause death to Pinus rigida if de- 
foliation is severe enough. The greater number of 
seedlings initially defoliated in PP may be related to 
the more exposed site which might have been more 
accessible to the female wasps. Several of the PP 
seedlings that were totally defoliated in 1956 and 
1957 died without opening their buds the following 
spring. The lack of sawfly damage in 1955 and the 
increase in the following 2 yrs closely correspond with 
the increasing epidemic in the neighboring forests. 

Although Nantucket pine moth (Rhyacionia frus- 
trana) has been reported (Stevens 1940, Little 1946) 
as a major factor in creating and maintaining the 
Plains area, no such damage was observed on any of 
the BP or PP seedlings. However, occasional and 
isolated sprouts with infested tips were observed in 
various parts of the Plains. It is very likely that this 
pine moth is cyclic in its population peaks. Often its 
numbers are reduced by low temperatures and fre- 
quent fires. 


SPROUTING STUDIES 


METHODS 

Many reports of basal sprouting of burned Pinus 
rigida have been published (Harshberger 1916, Lee 
et al. 1923, Gifford 1900, Pinchot 1899), but data on 
the number and size of sprouts in relation to the 
exact age and diameter have not appeared in the 
literature. On 20 July, 1955, 25 Pinus rigida trees, 
growing in the vicinity of Mt. Misery, Burlington 
County, were selected and cut to determine the even- 
tual basal sprouting reaction of several age classes to 
this treatment. 

Prior to the cut, a survey was made of the approx- 
imate ages of several dozen pines ranging from seed- 
lings to old trees. From this sample, 5 age groups 
of 5 trees each were selected for felling. The trees 
were grouped into 5 arbitrary age classes of 4-5, 8-11, 
21-34, 40-55, and 77-95 yrs. Trees were cut with a 
power saw 6 in. above the soil surface. Following 
the cutting the inside-bark diameters were taken and 
annual ring counts were made on polished cross sec- 
tions to determine ages. Each stump was fenced to 
prevent possible deer browsing. Observations were 
made to determine how long after cutting sprouting 
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would occur. After that, annual remeasurements 
were made of the number and height of the sprouts. 
As far as could be judged, all the selected trees were 
of seedling origin. 

To test growth reactions to various soil types and 
to observe dormant bud formation, 144 Pinus rigida 
seedlings (see Phytometer studies section) were grown 
in situ from seed and observed over a 3-yr period. 
Pertinent information of interest to this sprouting 
study phase was recorded at the time of harvest in 
early January, 1957. Data were taken of the number, 
position, and sprouting of the dormant buds. Evi- 
dence of basal crook, a distortion of the stem at the 
soil level, was also recorded. 

To observe differences, if any, in seedlings origi- 
nating from Pinus rigida seed produced on Plains 
sprouts and Barrens single-stemmed trees, the follow- 
ing test was made. Several hundred seed collected 
from Plains sprouts, 6 to 8 ft tall, and a similar 
number collected from Barrens trees, 30 to 35 ft tall, 
were sown in 2 contiguous groups in a nursery bed 
in the spring of 1955. After germination, the seed- 
lings were weeded and watered as needed. Measure- 
ments for differences in height, form, and color were 
made in March, 1958. 


RESULTS 


STUMP SPROUTS 

A summary (Table 5) of the relationships of age 
and diameter to height and number of sprouts result- 
ing from the 1955 cutting reveals a definite relation 
between age and sprouting vigor. All the cut trees 
(except trees [V-4 and V-5, Table 5) produced sprouts 
of varying number by the first week in September, 
1955. Although trees V-3 and V-4 bore 2 and 5 
smal] sprouts, respectively, they were dead when the 
trees were examined in the spring of 1956. The 5 
trees of age class I produced from 1 to 21 sprouts by 
the early winter of 1955, class II formed 14 to 53, 
but class III had a much larger variation of 7 to 330 
sprouts. When recounted in the spring of 1956, the 
numbers surviving in class IV ranged from 12 to 78, 
while class V, with 2 surviving sprout stumps, re- 
tained 59 and 77 shoots. The tallest individual and 
average heights were in classes II and III. By the 
spring of 1957, the number of sprouts had increased 
in I-1 and 3, II-1, 2, 4, and 5 but decreased in I-4 
and 5, II-3, and IV-2. Shoot numbers of III-3 and 4 
dropped sharply from 330 to 195 and 303 to 174, 
respectively. Number III-5 died during the summer 
of the same year. Classes II and III still bore the 
highest average and maximum shoot heights of the 4 
surviving age classes. A final measurement in the 
early spring of 1958 revealed a decrease in the num- 
ber of sprouts for all stumps, but an inerease in 
heights was apparent. In the winter of 1957, the 
sereens of trees III-3 and 4 were removed by deer or 
vandals. The sprouts were severely browsed before 
the sereens could be replaced. Consequently, these 2 
stools did not resprout in the spring of 1958. Tree 
I-3 died during the summer of 1957. When the 
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TaBLE 5. Sprouting reaction of various age classes of Pinus rigida to severance at the tree base. Stem 
diameter was taken inside the bark 6 in. above the ground. 
| | | | 
| NUMBER OF SpROUTS* AVERAGE Hergut 1N | Maximum HErcur in 
| | Fret FEET 
Age Class | Tree No. Agein | Diameter —— eo —_——_—_—_— ———_ —_—_|_____,—_—___—_ 
Years in Inches | 1955 | 1956 | 1957 1955 1956 | 1957 | 1955 | 1956 1957 
— naan : — 
ree 1 4 De 4° Be | 21 9 0.2 0.3 | 0.7 O72 | 32 1.6 
2 4 0.6 | 7 | 7 5 0.3 0.7 1.4 oy | 12 2.1 
3 4 08 | 1] 2] 0 | 05 | 07 | 00 | 0-5 | 1:2 | 00 
4 5 o4 | 2] 2] 9 | 03 | 08 | 09 | 0.7 | 1:1 | 16 
5 4 0.8 | 21 15 | 12 0.3 0.5 0.7 0.4 0.8 1.3 
i dieseas- 1 ll 1.5 | 2] 2] 9 | 05 | o9 | 1.3 | 0.8 | 1.9 | 3.2 
2 9 18 | 2 71 | 438 | 0.7 | 0.7 | 0.7 b | 1.2 | 138 
3 11 1.9 53 47 | 35 0.7 i232 4°84 1.3 2.3 3.0 
4 10 14 | 48 | 54 | 21 | 0.7 | 1.2 | 1:7 | 1.2 | 2.4 | 3/8 
5 8 1.6 14 15 13 0.6 tees, Be es 3.2 
ee 1 21 3.4 oS; Rt @ } ee | 48) 46 | 88} 7 | es 
2 1 06h)lCUC | CO CU le | Oo | 18 | O8 | 18 | 28 | 27 
| 3 | 32 | 3.1 | 330 | 195 0 | 0.5 | 1.0 ¢ 0.8 | 2.0 | 0.0 
| 4 30 | 3.5 303 174 0 0.5 | 1.1 ec | 20 | 22 0.0 
5 | 34 3.0 | 7 0 — 0.2 | 0.0 0.3 | 0.0 a 
See } 41 | 433 } 48 | 51 oi. = 1 ee) ee 1 = S195 i] = 
} 2 a). Ee | 78 68 | 29 | 0.4 | 1.3 | 1.8 | 12 | 2.4 | 3.0 
3 46 5.3 12 0 — 0.3 0.0 — | 0.4 | 0.0 — 
4 | 41 | 58 | O} — | — | 00 ee ee eee oe 
5 a a ee 0 — | et | Ce 0.4 0.0 
| | 
_ eee 1 | 9 | 10.1 | 59 | 0 —-— | 68 | 62 | 0.7 | 0.0 = 
2 7 | 82 | 7] 0] — | O28 | 00 0.5 | 0.0 ~ 
3 | 86 78 | O|; — | — |oo]}] — | 00; — ~ 
a ae ae | si; 81-1 — ieo!] — (oe | = | x 
5 | oe “2°CRs. eee = | eo 7 i” ss 
Pete al aN ie | . | wees z 
* Count made in the early spring of the following year before growth resumed. 
> Browsed. 
© Severely browsed and killed. 
sprouts were measured in the spring of 1958, the only 26. Twenty-eight seedlings possessed dormant 


maximum individual and mean heights were found 
in age class IJ. Sapling II-2, which was browsed in 
1955, had attained a prostrate form, but all the other 
members of class II were upright and a few stems in 
each sprout group were assuming dominance. Pine 
webworm larvae were infesting III-2, but no other 
trees were infested with this insect, sawfly, or Nan- 
tucket pine moth. 


PHYTOMETER TESTS 


All of the seedlings planted in the greenhouse had 
formed buds by the time they were harvested in 
January, 1957. No buds were found below the cotyle- 
donary scars, but the region above and within 5 mm 
of them was the seat of the dormant bud concentra- 
tion. Although isolated dormant buds were found 
along the stems of all the seedlings, only those within 
the 5 mm previously mentioned were recorded. An 
illustration of the frequency distribution of the dor- 
mant buds found on the 142 surviving seedlings is 
presented in Fig. 4. Differences between seedlings 
grown in Plains and Barrens soils were not appreci- 
ably significant. Also, there seemed to be no rela- 
tion between vigor of seedlings and number of dor- 
mant buds. Ninety-eight seedlings produced between 
3 and 6 buds, but the number producing 7 to 12 was 


buds that had sprouted. These were in addition to 
those tabulated in Fig. 4. Again, there was no rela- 
tion between soil type or seedling vigor and the num- 
ber of sprouted buds. Most of the seedlings had 
developed slight basal-crooks, but none approached 
the “well-developed” and “very well-developed” crooks 
as pictured by Little & Somes (1956) for Pinus 
echinata. 
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Pinus rigida 2 yrs after germination. 
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Seedlings from each seed source, when grown in 
nursery beds, varied from 2 to 3 ft in height, but 
showed little variation in color and form. 


DIscUSSION 

An early report (Pinchot 1899) the 
ability of Pinus rigida to sprout along the bole and 
at its base. He observed that dormant root-collar 
buds could produce numerous and vigorous shoots 
after severe burning. “Clothing” of the burned bole 
with fresh green foliage produced from dormant buds, 
also noted by Pinchot, can today be commonly ob- 
served after a severe fire. He also reported that older 
mature trees do not sprout but that younger trees 
can sprout repeatedly. No diameters or were 
given for these relative maturity classes, although he 
does write that the largest trees capable of sprout- 
ing were measured at 8 in. (presumably d.b.h.) in 
Fire-injured Pinus rigida trees, 20 to 40 ft 


deseribes 


ages 


diameter. 
tall which sprouted from the root collar or trunk, are 
also reported by Harshberger (1916). 

Lutz (1934) noted that in the Plains 
collars and prostrate stems of Pinus rigida 
ally covered with buds capable of developing 
In his publication are numerous photographic re- 
productions illustrating coppice growth resulting 
from severe burning damage. Other reports (Little 
1946, 1953) also state that the sprouting ability of 
Pinus rigida after fires accounts for its presence in 
areas frequently burned. Three detailed reports 
(Stone & Stone 1943, 1954, Little & Somes 1956) 
indicate that dormant collar and trunk buds are the 
primary sources of the sprout growth. Adventitious 
buds developing from recently wounded meristematic 
tissue are extremely rare if found at all. After cut- 
ting both transverse and longitudinal sections of 
Pinus rigida stems, Stone & Stone (1943) observed 
branch traces Jeading from the pith to the dormant 
buds in the bark. They found that bole sprouts, 
which may develop into normal branches, originated 
from lateral nodal or inter-nodal dormant buds. 
About ten years later, Stone & Stone (1954) again 
studied Pinus rigida buds, but this time investigated 
the root-collar sprouts. They stated that “all buds 
and sprouts of Pinus rigida could be traced back to 
their origin in the normal phylotaxy of the stem and 
hence in no way are adventitious.”’ As pointed out by 
Little & Somes (1956), basal sprouts develop from 
dormant basal buds but they must be protected from 
scorching by a thick bark or “a basal crook that 
brings the buds below the litter.” This crook which 
develops as a result of a seedling’s assumption of a 
“semiprostrate position for several seasons” (Me- 
Quilken 1935) and subsequent erection is not as uni- 
versal as McQuilken suggests (Little & Somes 1956) 
but undoubtedly plays a significant role in protect- 
ing the dormant. buds. 

Coppice results obtained in the present sprout- 
ing study (especially for the younger age classes) 
approximate those of Moore (1936). In a study to 
determine the form and height of burned seedling 
sprouts, he records that 2-yr-planted Pinus echinata 


“the root 
are liter- 


sprouts.” 
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(which made them 4 yrs old when burned) and 2-yr 
natural P. rigida seedlings that were burned in May 
had produced abundant sprouts when examined 8 
months later. In addition, he suggests that the Pinus 
rigida seedlings may have been cut accidentally and 
burned when the area was cleared for the P. echinatu 
planting and thus would have been older than 2 yrs. 
He did not indicate how many sprouts were produced 
per seedling stump, but states that their maximum 
height was 1.5 ft 8 months after burning. No ap- 
parent terminal dominance of any one particula: 
sprout had oceurred eight months after burning. 
Burned oak sprouts near by had attained heights of 
2-4 ft in the same period of time. 
erowth-differential observed 

author. 
Quercus growing near 


Similar species 

was recently by the 
Sapling Pinus rigida and several! 
species of Roosevelt City, 
Ocean County, New Jersey, were severely burned in 
early August, 1957. By late September of that year, 
abundant sprouts between 1 and 1.5 ft tall had formed 
on Pinus rigida while those on Quercus spp. were 
and 4 ft tall. (1936) data 
Pinus rigida show average heights of 0.9, 1.3, 2.1, 
4.9 ft for the year of burning, 1, 2, 
yrs later, respectively. In the present study (Table 


present 


between 1] Moore’s for 


and and 5 
5) the averages of sprout heights per stump for 
age class I (4 to 
ting, 1 yr later and 2 
0.8, and 0.7 to 1.4 ft. 
ft was also greater than the 0.5 ft obtained in the 
present test. Furthermore, he writes that 93% of 
the Pinus rigida had ultimate heights ranging between 
0.5 and 4.5 ft with most between 2.5 and 2.1 ft, eom- 
pared to the present 1.3 to 2.1 ft. Difference in 
height growth might be explained by the excessively 
drained, sandy soil supporting the present sprouts, 
accentuated by the dry years during the sprouting 
study, but Moore did not discuss soil types or pre- 
It also seems that Moore’s 
data agree more closely with those for age class IT, 
although his larger sample could provide greater 
variability of data. So, perhaps, as he suggests, his 


5 yrs) during the year of cut- 
yrs later were 0.2 to 0.5, 0.3 to 
Moore’s maximum height of 1.5 


cipitation in his paper. 


Pinus rigida seedlings were seedling-sprouts when 
they were burned the second time. Greater vigor of 
older seedlings is also recorded by Little & Somes 
(1956) who found a paucity of sprouting of 1-yr-old 
seedlings, but noted a progressively larger amount of 
sprouting as the stump age increased. 

Reports of burned trees that produced large num- 
bers of basal sprouts, e.g., 74 (Lee, et al. 1923), 230 
to 239 (Lutz 1934), and 249 (Little 1946), are simi- 
lar to the results of the present study (Table 5). 
The very high counts of 330 and 303 basal sprouts 
on trees 32 and 30 yrs of age most likely depart from 
normal. Initially, the relationship of age of tree to 
number and height of sprouts was one of gradual 
increase in vigor to the 21 to 34 yr age group, fol- 
lowed by a gradual decrease in the older age groups, 
thus at first approximating the coordinates of a nor- 
mal curve. Although the vigor of sprouting varied 
with species, Little (1938) found that with increasing 
tree diameter (0.6 to 2.1 in. and over) there was a 
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gradual increase in number and height of sprouts re- 
sulting from a cutting of 5 species of Quercus. These 
diameters, however, were taken from secondary or 
tertiary sprouts that resulted from a fire that passed 
through the area 13 yrs earlier. In a recent paper 
Little & Somes (1956) indicate that slow growth of 
Pinus rigida sprouts is probably related to the old 
age of the stumps found in the Plains and lowland 
pine areas. 

The marked decline in number and vigor of sprouts 
in age class IIT and IV and the improved vigor of 
class II by the third year indicate that perhaps this 
age group has the greatest potential to produce sprout 
stems that would develop into larger trees. It has 
been suggested that the older trees do not sprout be- 
cause the dormant buds have lost their capacity to do 
so (Little & Somes 1956) or the root systems are too 
weak (Little 1946). But tree V-1, 95 yrs old, pro- 
duced 59 sprouts immediately after cutting. Death, 
however, ensued a short time later in this tree and 
the rest of the age class, as well as most of class IV. 
Thus, the sprouts, which initially grow rapidly, suc- 
cumb as the root system dies. As previously indi- 
cated, trees III-3 and 4 sprouted prolifically and 
seemed quite healthy, but the second shock of virtual 
defoliation by browsing deer only 2 yrs after the cut 
was fatal. How, then, can the browsed stumps of 
burned Plains growth continue to sprout persistently 
even up to 60 to 90 yrs old (Little & Somes 1956, 
Lutz 1934)? The answer may lie in the ability of 
Pinus rigida to produce new or rejuvenated roots as 
well as root-collar sprouts after burning. Observa- 
tions made in the West Plains near Plains Branch 
(Andresen & McCormick 1956) upon hydraulically 
excavated Pinus rigida root systems revealed old and 
decaying tap roots below living lateral root systems. 
Many root collars were hollow, but the peripheral 
xylem, phloem, and root systems appeared to be 
healthy. Another observation (McCormick, et ail. 
1957) of fire-damaged Pinus rigida growing in a pine- 
lowland revealed a root that had sprouted at the base 
of a one-year-old collar sprout, forming, in essence, 
a clonal individual for when the sprout was pulled 
it broke loose with the root firmly attached to it. The 
frequency of this phenomenon is unknown, but this 
feature and the possibility of root sprouting bear 
further investigation. 

As was previously mentioned, the ultimate source 
of basal sprouts is dormant buds, but their great pro- 
liferation does not agree with the data (Fig. 4) of 
the 3-yr-old phytometer seedlings. At first hand the 
maximum number of 12 buds and an average of about 
4 seems insufficient to produce over 300 sprouts. 
Two plausible suggestions for this multiplication 
would be the redivision of the dormant buds at the 
time of sprouting or the formation of adventitious 
buds from wound tissue. Although the latter possi- 
bility has never been observed it is thought possible 
by Illick & Aughanbaugh (1930), however the idea is 
disputed by others (Stone & Stone 1943, 1954). 
Little & Somes (1956) pose the very reasonable ex- 
planation that the many buds result from a division 
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of only a few. They found that as many as 42 buds 
can develop from one dormant bud that reaets to 
stimulation. Abundant buds have also been traced to 
single basal buds by Stone & Stone (1954). 

The several dormant buds of the phytometer seed- 
lings that had sprouted, mostly bore only compact 
fascicles of leaves and lacked any shoot elongation. 
Stone & Stone (1943) also report this condition of 
sprouting dormant buds along the stem of Pinus 
rigida. ‘“Pre-disturbance” basal sprouts have been 
observed under the leaf litter in many Barrens trees 
as was found in tree IV-2. This decumbent branch 
form is very common in the Plains sprout growth but 
in the Plains they are the result of shoot competition 
following burning. Such a growth habit provides an 
abundant source of dormant buds for future growth, 
especially the protected buds on the lower sides of 
branches, Therefore, when these buds do sprout, they 
undoubtedly contribute to the prostrate form of tree 
described by Lutz (1934), Harshberger (1916), and 
Pinchot (1899). In summary, then, it has been 
demonstrated that initial sprouting is high in the 
median age classes, but there is a marked reduction 
in sprouts two years after cutting. Although they 
produce fewer sprouts at the start, the younger age 
classes exhibit a more upright and vigorous sprout 
habit after a few years. 


PHYTOMETER TESTS 


MertrHops 
To detect possible differences produced by the 
soils of the Plains and Barrens areas, 12 different 
sites of each area (see Soil-Vegetation Survey sec- 
tion) were selected to supply soils for greenhouse pot 
studies. Both phytometers, Pinus rigida and Avena 
sativa, were grown from seed in the pots. 


SOIL PREPARATION 

Soils for the tests were obtained from the B hori- 
zon after removing the A horizon about the sample 
soil wells. These were dug in the center of each of 
24 vegetation sample quadrats 100 m square. About 
100 pounds of B horizon soil from each site were 
collected and placed in paired 3-gal. glazed crocks. 
Inverted watch glasses were placed over the crock 
drain holes to prevent loss of the sandy soil and to 
permit free drainage of water. After the crocks were 
filled with soil and marked, they were arranged at 
random in 4 rows of 12 placed upon wooden supports. 

Pinus rigida Test 

One-third bushel of fresh serotinous cones was 
collected from a group of recently felled trees on 22 
December, 1953, near the southern boundary of Leba- 
non State Forest. After extraction, the seed were 
stratified at 35-40°F for 115 days after which they 
were sown at a rate of 11 per crock on 3 May, 1954. 
Following germination, the seedlings were thinned to 
3 equal-sized individuals per crock. Good soil mois- 
ture relations were kept throughout the test. Week- 
ly air temperature readings were taken with maxi- 
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mum-mininum thermometers and periodic light read- 
ings were taken with a Weston photometer. When 
harvested in February, 1957, 33 months after germi- 
nation, each seedling was measured for shoot and 
root length, average length and number of lateral 
roots, length of longest branch and secondary root, 
maximum and average leaf length, needle color, pres- 
ence of staminate or ovulate strobili, diameter of root 
collar, number of dormant and sprouted collar buds, 
and extent of basal crook. Shoots and roots were 
later oven dried and their weights and shoot-root ratios 
calculated. 


OAT-FERTILIZER TEST 

After the pine seedlings were harvested, oats 
(Avena sativa, Ajax Grade #1.CI #4157) were sown 
in a single set of the 12 Barrens and 12 Plains soils 
to compare their growth rate to the pines. In addition, 
the same oat variety was also sown in soils treated 
with lime and fertilizer. To compare growth extremes, 
the Barrens and Plains soils that produced the great- 
est and smallest dry weight yields of Pinus rigida 
were selected for the treatments. The 4 soils were 
placed in 7-crock sets and treated as follows: 
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1. and 2, Control; control 1 was also used in the 
test of the different soils mentioned previously. 
200 Ibs/A of 10-10-10 (NPK) 
Low pH: no lime. 
200 Ibs/A of 10-10-10 (NPK) 


3. Low fertilizer: 
or 2 gm/40 Ibs soil. 
4. Low fertilizer: 


or 2 gm/40 Ibs soil. High pH: 200 Ibs/A of CaCO, 
or 20 gm/40 lbs soil. 

5. High fertilizer: 2000 lbs/A of 10-10-10 (NPK) 
or 20 gm/40 lbs soil. Low pH: no lime. 

6. High fertilizer: 2000 Ibs/A of 10-10-10 (NPK) 
or 20 gm/40 Ibs soil. High pH: 2000 lbs/A of CaCO, 
or 20 gm/40 Ibs soil; 800 Ibs/A of CaO or 8 gm/40 


Ibs soil. 

7. No fertilizer, High pH: 4000 lbs/A of NaHCO. 
or 40 2@m/40 lbs soil. 
All of these treatments were mixed by hand into 
fresh dry soil. The NaHCOs, was mixed empirically 
with sample soil until a pH of 6.1 was reached. This 
soil reaction approximated that of treatment 6. Thirty 
seed were sown in each crock, including the 24 non- 
treated crocks, and were later thinned to 10. The 
more vigorous fertilized seedlings were supported with 


rods and twine lacing. 


TABLE 6. Phytometer growth as related to soil factors of 12 Barrens and 12 Plains soils. 





Ave. Top Hr. Tota. Top Wr. 


| B PARTICULATES ‘, N DM IN GM 

Quadrat Soil Horizon | Lab.| pH | Aluminum ieee : s = — 
Series“ | Texture» | No. | | ppm | Sand | Silt Clay Pine Oats Pine Oats 

' = - —— _ 

BARRENS 
Bs. L s. 246° | 5.2 120 95.0 1.0 +.0 1.92 4.4 1.51 1.48 
2 D l.s. 153 | 5.1 200 83.8 9.9 6.3 1.14 3.5 0.34 0.69 
me D Le. 428 | 5.1 200 75.9 1 7.0 2.29 3.9 1.86 0.97 
2. K ls. 434 | 5.2 500+ 72.9 18.4 8.7 3.07 3.7 3.51 0.74 
5 L s. 440 | 6.1 40) 92.4 3.1 4.5 1.98 3:2 1.47 1.10 
6. E s. 437 | 5.2 200 89.4 7.6 3.0 1.72 3.9 Dy 1.08 
= L s. | 162 | 5.1 80 94.4 0.1 3.5 4.23 Pf 6.79 0.75 
8 E Ls. 425 | 5.2 170 81.3 2.7 6.0 1.32 3.7 0.91 0.85 
9. } L s. 422 | 5.4 200 91.8 5.2 3.0 2.49 4.] 3.08 1.51 
10 L s. | 431 | 5.3 120 94.4 2.6 3.0 4.02 4.1 5.33 1.32 
1] E g. | 195 5.2 | 180 87.0 7.6 5.4 2.54 3.9 2.42 1.58 
12. af s |198|5.2} 100 | 92.1 3.9 16 | $9 | 37 6.09 | 1.04 
Mean ys 74 3.73 2.87 1.09 
PLAINS 
1 L Ls. 243 | 5.1 200 77.0 13.0 10.0 2.45 3.8 1.58 1.20 
2. L ls. 204 | 5.1 200 84.4 9.6 6.0 2.22 3.8 1.45 1.10 
3 E lis. 240 | 5.0 160 83.3 8.2 8.5 2.10 4.0 1.91 0.44 
a. L s. 413 | 5.3 240 88.6 7.4 +.0 2.18 es 1.71 1.26 
5 A Ls. 156 | 5.0 240 79.4 11.3 9.3 2.89 3.8 3.34 0.91 
6. L Ls. 416 | 5.3 160 85.4 12.4 4.2 1.25 3.8 2.02 1.02 
ae L Ls. 159 | 5.1 320 83.8 9.8 6.4 1.80 3.2 1.02 0.67 
Bs. L ls. | 419 | 5.3 200 82.9 | 11.9 §:2 2.27 3.9 2.18 1.11 
f Ps Ls. 410|5.3| 160 | 85.4 | 7.4 7.2 | 2.73 | 3.8 2.48 | 0.74 
10. | E | Ls. 407 | 5.3 1200 | 82.6 12.2 5.3 2.26 3.5 2.35 0.83 
11 L | s. 404 | 5.2 120 89.0 6.4 1.6 2.34 2.9 2.27 0.80 
12. L | s. 401 | 5.2 210 87.0 7.4 5.6 a mY ae aie Fe 7 
| 

Mean... 2.29 3.68 2.08 | 0.97 


* L=Lakewood; D=Downer; K=Keyport; E=Evesboro; A= Aura. 
»1Ls.=loamy sand; s.=sand. 
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Tops were harvested on 14 August, 1957, 109 days 
after germination. At this time the seed of the plants 
were mature and the culms had yellowed. An at- 
tempt to harvest the roots from dry soil without wash- 
ing failed because many roots were dead and the other 
roots were too fragile. The roots were not washed 
out because a future test was anticipated involving 
the same soils. The following measurements of the 
10-seedling sets were made: average weekly height 
growth, average height at harvest, earliest flowering 
dates, oven dry top-weight, number of seed, and weight 
of seed exclusive of hulls. The seed were hulled by 
hand and the chaff was included in the weight of the 
tops. 


RESULTS 


Pinus rigida Seedlings 

No statistically significant differences were ex- 
hibited between the various means of the Barrens and 
Plains soils seedlings (Table 6). However, both aver- 
age height growth and oven dry top-weight were 
slightly higher in the Barrens soils. More striking is 
the much greater negative and positive departure 
from the mean of the Barrens crocks as compared to 
the low departures for the Plains. Both the highest 
and lowest seedling dry weights were produced by 
Barrens soils. Eight Barrens soils produced less than 
the best Plains soils and 6 Barrens soils yielded less 
than the mean of the Plains. The top heights of both 
the Plains and Barrens pines were directly propor- 
tional to the oven dry weights. 

Very slight to slight basal crook (see Sprouting 
Studies section) was exhibited by 64% of the Plains 
and 59% of the Barrens seedlings. All the seedlings 
irrespective of height, diameter, or soil type produced 
collar buds (Fig. 4), some of which had sprouted. 
Munsell color of the needles (Anonymous 1952) 
ranged from 7.5 GY; 3/4 to 6/6 with most between 
4/6 and 5/6 in both Barrens and Plains seedlings. No 
specific color was related to any one soil type. None 
of the seedlings exhibited chlorosis. One seedling 
produced staminate strobili (Andresen 1957) but no 
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others produced strobili of either sex. The differences 
exhibited in stem branching, root habit, needle length, 
and root-collar diameter between the seedlings planted 
in the two soil groups were insignificant, although the 
size and vigor of these features were positively re- 
lated to the seedling size. 


Avena Seedlings 

Growth and yields of the oats sown in the controls 
and treated Barrens and Plains soils are summarized 
in Table 7. Top weights of the individual controls 
varied little, but, as would be expected, there were in- 
creases in height and weight of the treated plants. 
Low and high fertilizer treatments without additional 
caleium increased, in general, the number and weight 
of seed over the controls, but the combination of ferti- 
lizer and lime produced the best yields of all. The 
tenfold increase of fertilizer in treatment 6 produced 
no marked increase in height over treatment 4, but did 
cause an approximate doubling of top weight. Little 
difference in the heights of the treated oats was ob- 
served although the heights for treatments 4, 5, and 6 
were slightly greater than for treatment 3. Although 
there was a slightly greater total yield for the 2 
Barrens soils, there was no consistently higher yield 
for all treatments. Besides this, several of the Plains 
seedling heights were greater than similar treatments 
in the Barrens. 

The slightly greater average height and top yield 
of the entire set of 12 Barrens soils plants (Table 6) 
was statistically insignificant. Both low and high 
vields occurred in both sets of soils and there was no 
clear relation between growth and physical com- 
ponents, pH, or aluminum content of the soils. For 
example, Barrens sample 440 had a pH of 6.1 and 40 
ppm aluminum but the oat top dry weight was less 
than 4 other Barrens soils that had lower pH and 
higher quantities of aluminum. In addition, 5 Plains 
soils produced greater yields but also had lower pH 
and higher amounts of aluminum. Barrens sample 
434 with over 500 ppm aluminum produced the same 
weight as no. 162 with only 80 ppm. Sample 422 
with 200 ppm soluble aluminum produced 151 gm of 



































TABLE 7. Yields and heights of oat seedlings sown in treated Barrens (B) and Plains (P) B horizon soils. 
TotaL Top WEIGHT IN GM | Tora. SEED WEIGHT IN GM | Tota. NuMBER OF SEEDS AVERAGE HEIGHT IN DM 
Treat- ' ' ——__|_—-— 
ment* | BH>® | BL | PH PL BH BL | PH PL BH | BL | PH | PL | BH BL PH PL 
| | i SS a eS ae | 
Pete Ge 0.69 | 0.69 0.81 | 0.61 | 0 0.06 | 0.10 | 0.06 0 | 2 3 2 3.5 a | 3.8 | 3.2 
a 0.71 | 1.06 bee 0.72 | 0.03 | 0.06 | 0.04 | 0.01 | 2i4] 3 l 3.5 | 3.1 3:3 | 2.7 
» Sees: 2.09 | 4.98 | 1.65 | 1.37 | 0.66 | 0.61 | 0.03 |} 0.35; 33 | 41 | 2 22 4.5 | 4.8 4.3 | 3.9 
Rese 2.31 | 3.39 | 2.87 | 2.47 | 0.90 | 1.13 | 1.00 | 0.91 ol | 72 | 62 5.4 | 5.4 5.2 | 4.4 
SS aeese 3.27 | 7.61 | 4.52 | 2.97 | 0.21 | 0.50 | 0.45 | 0.28 16 40 | 27 12 4.8 4.9 5.3 | 4.8 
Bi tane 6.16 | 6.37 | 7.77 | 4.89 | 1.06 | 0.64 | 1.01 | 1.28 64 | 39 | S57 | 7 5.4 4.8 | 5.4 5.5 
gta 0.33 | 0.40 0.14 | 0.14] 0 0 0 0 oj @ | 0 0 1.8 ee ie 0.7 
s zd aoe : ro ines m 
*1. and 2. Controls. 
3. 200.:bs/A 10-10-10 (NPK) 
4. 200.bs/A 10-10-10 (NPK) 
200 Ibs/A CaCOz; 800 Ibs/A CaO 
5. 2000 Ibs/A 10-10-10 (NPK) 
6. 2000 Ibs/A 10-10-10 (NPK) 


2000 Ibs/A CaCO3; 800 Ibs/A CaO 
4000 Ibs/A NaHCOs 


7. 
b Letters H and L refer to high and low yields, respectiv-ly, of the 33 month old Pinus rigida seedlings. 
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cry weight as contrasted to 85 gm for no. 425 with 
170 ppm. An inspection of the Plains yields reveal: 
a similar lack of high aluminum-low yield relation 
ship. 

The best growth produced in any of the Barrens 
soils was 158 gm with 180 ppm aluminum and the 
poorest was 69 gm with 200 ppm. Aluminum was also 
high in the poorest growth of the Plains with 320 ppm 
and a yield of 67 gm. Best growth in the Plains soil 
was 126 gm with 240 ppm aluminum. The virtual 
lack of relation between the pine and oat vields 
(Table 6) 


cussion. 


will be mentioned in the following dis- 


DISCUSSION 


The toxic effects of various forms of soluble alumi- 
num upon plants have been extensively reviewed by 
Mirasol (1920), Magistad (1925), Hardy (1926), 
Line (1926), and Hutchinson (1943) whose paper is 
a classic. Most of the early workers approached the 
problem by subject ng numerous vegetable and grain 
crops to known concentrations of several types of 
aluminum compounds in water or sand cultures. 
Natural forest vegetation on virgin soils of low pH 
seemed too unrewarding to attract attention, for field- 
crop failures and decreasing yields due to faulty ferti- 
lization techniques were, at that time, of the greatest 
economic importance. 

ALUMINUM 


INHIBITORY EFFECTS OF SOLUBLE 


Magistad (1925) was convinced that there is a 
great deal of variation in the reaction of different 
plant species to soluble aluminum. He also found that 
soluble aluminum in concentrations of 50 to 100 ppm 
at a pH of 4.0 to 4.2 exerted pronounced toxic effects 
when in contact with the roots of Zea mays, Hordeum 
vulgare, Glycine Medicago Trifolium 
pratense, Secale cereale, and Avena sativa, but at pH 
5.0, Medicago sativa, Trifolium pratense, Hordeum 
vulgare, and Avena sativa were little or not at all 
affected by the aluminum. He also observed that the 
amount of aluminum (from Al,03;) in solution in- 
creased either above or below pH 7.21 but in much 
greater amount in the acid regime. Varying effects of 
aluminum upon different species of plants were also 
reported by Hardy (1926) who postulated that alumi- 
num’s toxic effect is exerted only when the aluminum 
is in simple ioni¢ or soluble colloidal form. 

Even though Pierre (1931) found that 1.1 ppm of 
aluminum in a displaced soil solution was injurious 
to young Zea mays, Hordeum vulgare, and Sorgum 
halepense, he strongly criticized the results of the 
“culture” workers. He suggested that aluminum toxi- 
city cannot be compared between culture media tests 
and in situ or transported soil tests. Furthermore, 
apparent toxic aluminum concentrations in field soils 
are due to many other anastomosing factors. An 
aluminum toxie' ty standard has been established (Gil- 
bert & Pember 1935) as a growth depression of 20% 
or more when the plant is compared to a control. 
They treated many different herbaceous plants with 


mar, sativa, 
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varying amounts of soluble aluminum and found a 
wide range in tolerance as indicated by the following 
officinale and 


representative Taraxacum 


Stellaria media were depressed by only 2 to 8 ppm, 


species : 


whereas it required 16 to 32 ppm to reduce growth in 
Leontodon autumnalis and Digitaria humifusa, and 
as much as 32 to 80 ppm to depress Digitaria san- 
guinalis and Agrostis alba. These plants were placed 
in solution culture after being removed from sand 
flats, so perhaps the consequent root injury and re- 
might influenced the relative 
Their data also indicate that for Digitaria sanguinalis, 
2, 8, 24, and 60 ppm of aluminum produced higher 
vields than a control, and a 80 ppm treatment was 
only 2.6% below the control’s yield. Another con- 
clusion was that pH per se did not have a depressing 
effect. 

Variation in aluminum content at similar pH as 
observed by Pierre, Pohlman & Mellvaine (1932) is 
worthy of note. Using the soil solution dispiacement 
method (Parker 1921, Burd & Martin 1924) they de- 
termined the soluble aluminum content of 30 different 
very acid soils of the northeastern United States and 
found a range of 1.5 to 23 ppm at a pH of 4.0, from 
0 to 12 ppm at a pH of 4.5, and from 0 to 2 ppm at 
a pH of 4.9. Another observation indicated that high 
organic-matter soils contained less soluble aluminum 
than those low in organic matter. Mattson & Hester 
(1932) described the presence of alumino-silical ions 
in natural soils, stating that they are less toxic than 
the Al+++ ion that is present in the usual solution 
culture. Hutchinson (1943) also states that “there 
is a great discrepancy in the results of other investiga- 
tors between the threshold toxicity of Al++~+ in solu- 
tion culture and the amount present in soil solutions 
in pot cultures of plants just showing injury.” In 
a study of soil infertility and growth of lettuce, 
Heslep (1951) refutes the aluminum toxicity theory 


covery have results. 


by stating: “. .. the primary cause of poor growth of 
Romaine lettuce in two acid California soils is a 


severe phosphorus deficiency (0.08 ppm) and _ not 
aluminum toxicity.” This opinion was anticipated 
by Line (1926) when he wrote: “Depression in plant 
growth in culture solutions to which aluminum salts 
have been added is either due to precipitation of the 
phosphate or to an increased acidity.” In a recent 
study, Mehrlich (1957) reports a surprising contra- 
diction of the earlier workers’ observations of greater 
availability of aluminum at lower pH. His data in- 
dicate that in 7 different soil types the amount of 
aluminum in the tops of Glycine max and Zea mays 
was much greater, 975 ppm, grown in soils of higher 
pH (e.g., 6.9, 7.0, 7.2) than of lower pH (e.g., 5.3, 
5.4, 5.6) where the amount was only 332 ppm. 

The review of the foregoing authors’ comments 
clearly indicates that the generalized statement that 
soluble aluminum in small quantities is toxic to plants 
is wholly erroneous because: (1) great and varying 
differences of depression of growth are exhibited by 
different species; (2) widely varying techniques in 
culture treatment and chemical tests for aluminum 
availability have been used to investigate the alumi- 
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num toxicity theory; and (3) of a virtual absence of 
any substantiating work upon natural (in situ) vege- 
tation in the north temperate zone, especially in the 
United States of America. 


STIMULATION OF GROWTH BY SOLUBLE ALUMINUM 


Influenced by the theory that soluble aluminum is 
toxic to plant life, the overwhelming majority of 
early investigators ignored the possibility of the stim- 
ulating influence of aluminum. Later, however, in 
the mid-thirties, several workers did investigate the 
possibility with a positive approach. Lipman (1938) 
postulated that aluminum, as a minor element, is 
essential to Zea mays and Helianthus annuus growth. 
He further commented that aluminum may be neces- 
sary for fruit and seed production in many other 
plants. His theory was based on the results of the 
treatment of Helianthus annuus with 1 ppm of soluble 
aluminum that yielded 23.3 gm of dry head weight 
as compared to 20.9 gm without aluminum. These 
measurements were based on 48 plants and it seems 
a bit risky to intimate a stimulatory influence based on 
such a small sample with a relatively minor difference. 
His test with Zea, however, seems more convincing, 
for with 1 ppm, 29 plants yielded 527.0 gm of dry 
matter and 23.2 gm of dry ear weight versus 440.1 gm 
of dry matter and only 9.1 gm of ear weight with 
0 ppm aluminum. Beneficial effects of aluminum in 
solution were reported by Haas (1936) who found 
that 10 ppm (which was considered by many workers 
to be lethal to most field crops) was not only stimu- 
latory but was necessary for the root growth of leafy 
twig-cuttings of Citrus limonia. Later work (Liebig, 
Vanselow & Chapman 1942), involving copper toxi- 
city reduction with the use of aluminum, revealed 
that 0.1 ppm aluminum negated the toxie effect of 
0.1 ppm copper. Root development of Citrus limonia 
was greatly stimulated with the add'tion of 2.5 to 
5 ppm of aluminum. 

It is apparent that much is yet to be learned of 
the precise physiological effects of aluminum upon 
vegetable life. This is especially true of forest vege- 
tation supported by acid soils. 


FACULTATIVE AND OBLIGATIVE ACCUMULATION 
OF ALUMINUM BY PLANT TISSUES 

An entirely different different approach to the 
problem of phyto-aluminum relationships is now being 
vigorously explored by taxonomists and students of 
tropical vegetation (Chenery 1946, 1948, 1949, Webb 
1954). Even though a few reports (Strohecker 1871, 
Smith 1904, von Faber 1925, 1927) were made of 
marked aluminum accumulation in plants, it was not 
until recently (Hutchinson 1943) that the study of 
aluminum accumulators and aluminophyles received 
greater attention. Chenery (1951) states that “alumi- 
num-plants or aluminum-accumulators are defined as 
plants with contents of 0.2 per cent Al,03 or more in 
their oven dry leaves.” Forty-eight plant families, 
whose numerous genera and species are dispersed 
throughout the tropical world, are listed by him as 
definite aluminum-accumulators. The only tree genus 
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listed which is indigenous to the United States is 
Carya, and although a few other native tree genera 
(Wherry 1932) have been examined, the multitude of 
native American plants are yet to be analyzed. 

Since Polytrichum juniperinum is a common spe- 
cies of both the Plains and Barrens areas, it is of 
interest that Chenery (1951) found 20.5% of Alo0s in 
the ash of a composite sample. The moss was ecol- 
lected on shallow, clay soils varying from 13.1 to 
25.5% of Alo0, in Cumberland, England. In another 
interesting study, Chenery (1955) analyzed aluminum 
accumulation of several varieties of tea bush (Camel- 
lia sinensis) from Ceylon, Tanganyika, and Kenya. 
He reported that accumulation in leaf tissues rises 
from 100 ppm in the young leaf to a phenomenal 
5,000 to 16,000 ppm when the leaf is ready to ab- 
sciss. Minor quantities were found in the stem, woody 
and secondary roots, and fruit. In a test that would 
have amazed the early twentieth-century American 
alumino-toxicologists, Chenery added a total of 284,- 
000 ppm aluminum as Al, (SO4), to 8-in. potted tea 
plants over a period of 4 months. When the plants 
were harvested and sectioned at the end of the test, 
he found the dry top and root of the treated plants 
to weigh 7.67 and 3.41 gm, respectively, as compared 
to 5.76 and 1.73 gm for the control. He determined 
a content of 13,942 ppm aluminum in the leaves of 
the treated plants as compared to 3,834 ppm for the 
control, The soil within the pots originally contained 
120 ppm of soluble aluminum at a pH of 4.5. He 
also remarked that “the aluminum treated plant 
was the healthiest and greenest of the set.” The set 
included a control and pots with various aluminum 
compounds, but the aluminum sulfate produced the 
greatest yields. A thick, strongly developed root 
system was also produced with the high aluminum 
treatment. Robinson & Edgington (1945) note that 
the aluminum yield of Carya ovata leaf ash ranged 
from 3.0 to 37.5%. They also found quantities of 
Al.0. ranging from 0.3 to 3.06% in the oven dry 
leaves of Carya ovata from various regions of the 
eastern United States. Also, 0.64% of Al.0, was 
found in Carya illinoensis. According to Wherry 
(1932), Pinus rigida is a definite aluminum accumu- 
lator if Chenery’s (1949) criterion of 0.2% or more 
aluminum in the leaves is used. Wherry found that 
Al,03 composed 10.97% of the ash and 0.30% of the 
dry plant (it is assumed he used the leaves for his 
test). These amounts were the highest of any of the 
5 Atsion, New Jersey, plant species he studied. The 
dry leaves of a specimen of Pinus echinata growing 
near Trevilians, Virginia, contained 0.253% of Alo0s; 
(Robinson, Steinkoenig & Miller 1917), which also 
qualified it as an aluminum-accumulator. Webb 
(1954) tested 1324 plant species of the Australian- 
New Guinean flora for aluminum accumulation and 
found 80 to be marked accumulators. His findings 
suggested that the accumulators are all members of 
phylogenetically primitive genera and that accumula- 
tion may be a “physiological relic.” He further sug- 
gested that this phenomenon may be of value in de- 
termining taxonomic affinities. Also advanced is the 
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postulation that many aluminum-accumulators are 
obligative and are found only in areas of high rain- 
fall with acid soils. Their supposed narrow physio- 
logical tolerances preclude their existence on alkali 
soils or “dry” rain-forests and limit them to rain- 
forests that are near “climax” in development. He 
does not venture the suggestion that high rainfall is 
the major contributing factor for their endemism and 
that aluminum accumulation is only passive. 


PHYTOMETER STUDIES INVOLVING 
BARRENS AND PLAINS SOILS 

Although Lutz (1934) found slightly greater 
yields of Avena sativa planted in 2 Barrens soils when 
compared to 2 Plains soils, conversely his data also 
indicate a higher yield of Secale cereale from the 
same 2 Plains soils. In addition, he applied various 
fertilizer treatments to the Avena planted in soils of 
both areas and even though he presents no data, he 
comments that the fertilizer treatment produced great- 
er yields than the controls, but no significant differ- 
ences were exhibited between Plains and Barrens soils. 
The results of the present study are in agreement with 
those of Lutz. A lack of constant depauperism of 
both the Pinus rigida and Avena sativa seedlings 
planted in the Plains soils, the great range of soluble 
aluminum concentration with no consistent relation- 
ship to phytometer growth in 2 soil sets, and the 
statistically insignificant differences between the ferti- 
lized Avena seedlings planted in the 4 soil types seem 
to refute the theory that soluble aluminum plays a 
major role in “creating” the stunted pine growth of 
the Plains. The low yield of Avena treated with 
NaHCO, in all 4 sets of soils can be attributed to the 
physical barrier caused by the consolidated soil parti- 
cles that developed from the colloidal-cementing ac- 
tion of this chemical. Even though the hard surface 
crust was broken (it required a metal trowel) and 
removed, it continued to form, presumably as the 
NaHCO. moved upward from the lower soil in the 
capillary water solution. Mirasol (1920) suggested 
that aluminum salts in the soil combine with calcium 
bicarbonate to form calcium aluminate, a very stable 
constituent to portland cement. The sodium, when 
mixed with the soil, was undoubtedly replaced by the 
calcium in the soil solution and as a result a layer of 
pseudo-concrete was formed. There was also no re- 
lation between phytometer yields and the forest 
growth where the soils were collected. As a point of 
interest, Barrens soil 4 with over 500 ppm aluminum 
was supporting vigorous sprout Quercus coccinea that 
were 44 ft tall, 5.5 in. in diameter, and 32 yrs old. 
Tree roots were found in all horizons of this soil. 
Large Pinus rigida growing near by were also vigor- 
ous and reproducing. 

In comparing the 12 Plains to the 12 Barrens 
soils used in the phytometer studies, it is apparent 
that many inter-area similarities are present in soil 
reaction, amounts of soluble aluminum, soil types, 
amounts of fine soil particulates, and phytometer 
growth. Therefore, the differences between the two 
areas in species composition, growth form, and physi- 
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ognomie type can hardly be attributed to the influence 
of the single edaphic factor of supposed greater quan- 
tities of soluble aluminum in the Plains. 


VEGETATION AND SOIL ANALYSES 


METHODS 

Vegetation. Following Lutz’s (1934) approach 
of collecting vegetation statistics of representative 
Barrens and Plains sites to compare growth form and 
floristic composition, the author selected for analysis 
12 sites of each of the two physiognomic regions. 
The vegetation of the 24 sites was sampled (modified 
after the quadrat method of Buell & Cantlon 1950) 
as follows: 

1. Within a 10 by 10 m quadrat (the base quadrat 
in which all the following smaller quadrats are 
nested), the 6 largest oaks and 6 largest pines 
were measured for total height (with Abney 
level) and outside diameter (breast height), and 
were bored for an age-determining increment 


core, 


to 


. Tree saplings of primary seedling origin under 
1 in. in diameter and over 1.5 ft tall were re- 
corded by species in a 2 by 10 m quadrat nested 
within the northern fifth of the base quadrat. 

. A record was made of all sprouts of the arbores- 
cent species (plus Quercus ilicifolia) within a 
1 by 2 m quadrat in the northwest and north- 
east corners of the base quadrat. Species, 
height, number of sprouts per stool, and crown 


~ 


cover were recorded, 
4+. Large shrubs, 1.5 ft and taller, were recorded 
by species for height and cover along a 10-m 
line transect coincident with the base quadrat’s 
western boundary. 
. Small shrubs, under 1.5 ft, and herbs were re- 
corded by species and cover within 44 by 2 m 
quadrats located in the southwest and southeast 
corners of the base quadrat. 
3. The number and species of tree seedlings un- 
der 1.5 ft were recorded from 4% by 2 m 
quadrats. 


~' 


In addition to this relatively intensive sample of 
the 24 sites, a more extensive sampling was made of 
the vegetation. Two areas were chosen, one in the 
Barrens near the eastern boundary of the Lebanon 
State Forest and one 5.5 mi to the south in the West 
Plains. The two areas, each 3 by 1.5 mi square with 
the long axis oriented northeast and southwest, were 
first outlined on U. 8. Geological Survey maps to 
approximate similar topographic conditions. A system 
of perpendicular grid lines sealed to be 20 by 24 
chains apart was then drawn upon the maps. Their 
points of intersection identified the plots to be sam- 
pled; 60 in each area. In the field, notes were made 
of the age, height, species, and type of vegetation 
(Plains, Transition, Barrens sensu Lutz 1934) at each 
plot. Herbs and shrubs, litter depth, evidence of 
burning, and seedlings were also recorded. 
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Soils. After the vegetation was measured and re- 
corded, a soil well 2 by 3 ft wide and 3 to 4 ft deep 
was dug in the center of each of the 24 intensive and 
120 extensive vegetation plots. The soil series, hori- 
zon thickness, water level, and approximate amount 
of very coarse gravel were recorded. A composite 
2-lb soil sample was collected from the four pit faces 
of each horizon, placed in a plastic bag, and returned 
to the laboratory for analysis. 

When the samples were dry, mechanical analyses 
were made to determine the sand, silt, and clay using 
the hydrometer method (Bouyoucos 1951). In addi- 
tion, a cheek was made for visible charcoal particles, 
the weight of gravel over 2 mm was recorded, and 
readings were made of the soil color (Anonymous 


JOHN W. 


1954). 


ANDRESEN 


late sizes: 


Class 


Very coarse sand 


Coarse 
Medium sand 
Fine sand 
Very fine sand 


The electrodialysis method (Hanna & Purvis 1955) 
was used to determine the available quantities of eal- 
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To complete the test, 10 gm of each sample 
were sieved for percentage of the fellowing particu- 


Size mm 
1.0 to 2.0 
0.5 to 1.0 


0.25 to 0.5 


0.105 to 0.25 
0.046 to 0.105 


cium, magnesium, potassium, and phosphorus. 


ble aluminum was estimated by the sodium-acetate- 


Tallest tree of each species, soil series, and soluble aluminum of the Aj, soil horizon found 





nographs 


Solu- 


at each 








TABLE 8. 
of the 12 Barrens and 12 Plains stations. 
Station 1 2 3 oe ae | 6 7 
BARRENS 
Pinus rigida H* 40.2 | 41.3 | 18.2 7.6 30.4 
D 1.2 2.2 4.8 Ad 1.2 
A 85 63 36 6 53 
P. echinata H 
D - 
A 
| 
Quercus a:ba H 35.6 | 23.4 37.3 | 
D —_ 78.1 2.2 7.8 
A 80 | 18 28 
Q. vecutina H - 45.1] 36.8 | 
D - 7.0 5.4 
_ 33 28 
Q. coccinea H 16.2 | 44.2 38.3 
D 2h ae 6.2 
A | - 8) 32 28 
Q. stellata. bw 16.2 
D | 3.2 - 
A |.- 29 ie 
Q. marilandica. . H | 14.2 | 11.2 2 — |- | 10.2 
D | #2 :.2 — — | — 1.3 
A |31 | .ij—-j- 20 
Soil Series”... | L D D K L E I 
Al p.p.m.... | 28 | 280 | 210 |500+| 40 | 160 | 20 
PLALNS 
P. rigida. .. H | 8.3| — |12.8| 10.5] 9.8| 9.2] 9.0 
D ee £4) 42:21 2% 2:2 1.8 
A | 19 — | 50 18 17 16 18 
Q. mariiandica..........| H | 7.3 | — | 9.3 | 10.9 | 7.9| 5.3 
D 10; — | 2.0] 1.8 eS 1.3 
|} A 20 | — /|21 | 9 - 115 | 12 
| | 
Soil Series... .. L L E L | A L I 
100 50 40 


Al p.p.m....... 


| 
40 wll 80 | 20 | 


* Height (H) in ft; diameter (4.5 ft above ground) (D) in inches; age (A) in years. 
b L=Lakew (=K 





ood; D= Downer; K = Keyport; E=Evesboro; A= Aura. 
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wh 


20 20 170 
9.1 9.4 4.6 
1.4 3.8 1.0 
16 23 8 
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glacial acetic acid method (Lunt, Swanson & Jacob- 
son 1950). Soil reaction was determined with the use 
of a model H-2 Beckman pH meter (Hanna & Purvis 


1955). 


RESULTS 

The largest arborescent members of the 12 Barrens 
quadrats are listed in Table 8. Station 5 was located 
near the site of an abandoned glass works and C.C.C. 
camp, and although the largest specimen on the 
quadrat was only 6 yrs old, many near-by open-grown 
Quercus velutina, 40 ft tall, were estimated to be over 
150 yrs old. Large Pinus rigida were found at 60% 
of the Barrens stations, but saplings and seedlings 
(Table 9) were virtually absent. Pinus echinata, 
which was 51 ft tall and 90 yrs old, occurred only at 
station 11 which was near a main highway. Quercus 
alba, Q. velutina, Q. coccinea, and Q. stellata, most of 
which were of sprout origin, were found at several 
stations devoid of pine, but again saplings and seed- 
lings—both oak and pine—were rare. Tall shrubs 
consisting of Kalmia latifolia, Quercus ilicifolia, Gay- 
lussacia and oceasionally Jlex glabra, 
Clethra alnifolia, and Quercus prinoides contributed 
between 0 and 80% cover (Table 9). More cover (10 
to 93%) was supplied by the small shrubs and herbs 
of the Barrens Gaylussacia baccata and 


frondosa, 


stations. 


Percentage of unoccupied space of sprout, 
shrub canopies, and number of 
Barrens and 12 


TABLE 9, 
tall shrub 
seedlings per 100 m? quadrats at 12 


and small 


Plains stations. 





SEEDLINGS 


Quercus 


Station | Sprout Tall Low Pinus mari- Other 
Shrub Shrub rigida landica 
BARRENS 
1 100 100 50 0 0 0.5 
2 64 87 51 0.25 0.75 0 
3 30 7 21 0.75 0 0 
4 | 100 50 | -Oray 1.5 0 
5 0.75 0 0 
6 70 100 54 0.25 0 0 
7 60 | 39 44 0 0 0 
8 30 20 | ~~ 28 0 0 0 
9 30 73 19 0 0 0 
10 | 100 | 56 7 0 0 0 
11 | 76 100 83 0 0 0 
12 100 80 | 15 0 0 0 
PLAINS 
1 5 40 62 0 0 0 
2 _— _— 45 | O 0 0 
3 30 45 | 65 0 0 0 
4 30. | 26 32 0 0 0 
5 o | 48 55 0 0 0 
6 20 45 60 0 0 0 
7 } 20 30 66 0 0 0 
8 | 20 oY a 0 0.5 0 
9 | 20 4 | 53 | O 0 0 
10 23 60 | 62 0 i, | 0 
il 0 56 | 669] «COO | 0 | 0 
12 465 | 30 48 | O | 0.25 | 0 
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Vaccinium vacillans were found at 11 of the 12 sta- 
tions. The one not containing them (station 5) was 
contiguous to an area which did support both species. 
Other less frequent shrubs and herbs were Gaultheria 
procumbens, Hudsonia ericoides, Lyonia mariana, 
Andropogon scoparius, Cassia fasciculata, and Pteri- 
dium aquilinum. Although each station was analyzed 
quantitatively, the data are not presented here be- 
cause the wide range in site and past use precludes 
any valid comparison between Barrens stations. 

All of the Plains stations except station 2 
dominated by young sprout growth of Pinus rigida, 
Quercus tlicifolia, and Q. marilandica (Tables 9 and 
10). The large numbers of oak and pine sprout 
clumps, from 50 to 150 per 100 sq m, formed a very 


were 


TABLE 10. Sprouting characteristies of Pinus rigida, 
Quercus ilicifolia, and Q. marilandica found on 12 repre- 
sentative Plains sites.* 





. No. No. 
Station Stools Sprouts Averag? Age in Height 
100 m2 Stool Cover % Years in Feet 
Pinus rigida 

1 75 2-7 100 14-19 5.6- 7.2 
2 

3 25 5 20 18-50 7.9-12.8 
4 25 4 40) 8 9 7.7-10.5 
5 100 3-5 105 15-17 7.5- 9.8 
6 7 3-5 55 15-16 7.9- 9.2 
7 100 2-6 80 11-18 7.3- 9.0 
8 25 8 50 18-49 9.2-11.2 
9 125 5-14 85 15-16 6.5- 9.1 
10 100 2-6 103 14-23 5.6- 9.4 
11 50 2-3 60 8 1.6 
12 25 2 10 7-9 5.4- 9.0 

Quercus ilicifolia 

] 

9 

3 

i 25 & 10 8 3.3 

5 

6 50 3-8 18 15 2.6 

7 25 2 15 14 2.6 

8 50 3-4 40 18 4.4 

9 
10 
11 

12 

Quercus marilindica 

1 

2 ; 

3 50 6-7 70 19-21 9.1- 9.3 
4 5C 2-4 30 9 10.3-10.5 
5 

6 

7 25 1 13 12 5.3 

8 25 3 15 18 91 

9 25 3 10 19 6.1- 7.5 
10 
11 50 2-7 55 10-17 9 0-12.8 
12 25 6 45 | 9-10 6.5- 7.5 


® Data are based on two 1 by 2 m quadrats per station. 
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dense canopy at most of the stations. Pinus rigida 
was a common member except in station 2 which was 
situated upon an area cleared about 20 yrs ago for an 
airport landing-strip apron. Contiguous to this area 
were abundant Pinus rigida, and a few sprouts that 
had recovered from the clearing operation were grow- 
ing vigorously. The trunks of the two older trees at 
stations 3 and 8 (Table 8) probably escaped death 
but were severely retarded by fires that killed less 
resistant growth surrounding them. Kalmia latifolia 
was found on 25% of the quadrats and was about the 
same height as the pine and oak sprouts. Of the 
small shrubs, Smilaa glauca and Leiophyllum buxi- 
folium were rare, but the four following shrubs were 
more abundant: Vaccinium vacillans, 92%; Gaylus- 
sacia baccata, 100%; Hudsonia ericoides, 50%; and 
Arctostaphylos uva-ursi, 33%. Unoceupied space 
contributed an average of about 65% to the small 
shrub layer. 

Soil series and amounts of soluble aluminum of the 
A, horizon of the Barrens and Plains stations are 
also found in Table 8. Lakewood, Evesboro, Downer, 
and Keyport soil series were found in the Barrens, 
whereas Lakewood, Evesboro, and Aura were re- 
corded from the Plains. It will be also noted that 
in some soils greater amounts of soluble aluminum 
occurred in the A, horizons of the Barrens soils. 

Some of the results of the extensive vegetation and 
soil study are found in Table 11. Tabulations are 
given of the range in ages and heights of the tree 
species, and of the range of amounts of soluble alumi- 
num and soil reaction for the various soils within the 


TABLE 11. 
tion areas. 
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Barrens, Plains, and Transition areas. Lakewood 
soil was the most common in all three areas. Eves- 
boro was also important in the Barrens, but was of 
minor occurrence in the Plains and lacking in the 
Transition areas studied. Although found in the 
three areas, the Downer series was relatively infre- 
quent. Areas with high water tables near or within 
hardwood or cedar swamps were associated with Lake- 
hurst, Leon, and St. Johns series. Muck was found 
in cedar bogs. Soluble aluminum was quite variable 
within horizon groups, but this variability was found 
in all three areas. Smaller quantities were found in 
the Ay. Greater amounts were found in the B and C, 
but the high amounts (400 to 500 ppm) were usually 
associated with greater amounts of clay in the hori- 
zon. Measures of available calcium, magnesium, po- 
tassium, and phosphorus were similar in all three 
areas and were within the ranges found in Table 3. 
Every A,, As, and an occasional By horizon contained 
fragnients of charcoal (burned and aerial 
evidence of burning was found in all the Plains and 


roots), 


Transition areas and most of the Barrens. 

Patterns similar to that of the intensive survey 
were found in the vegetation sampled about the 120 
soil wells. The ages of the arborescent species varied 
from 17 to 100 yrs in the Barrens, 9 to 17 in the 
Plains, and 12 to 90 in the Transition. The younger 
aged trees in the Barrens and Transition were mostly 
of sprout origin. Heights varied from 8 to 50 ft in 
the Barrens (trees observed along a protected railroad 
right of way were mostly 30 to 40 ft tall), 2 to 9 
ft in the Plains, and 6 to 50 in the Transition. 


horizon characteristics of the Barrens, Plains, and Transi- 














ALUMINUM PPM PH 
Soil Series No. of | Agein | Height |— -;—— -\— - aa 
| Sites Years | inFt | A: B C A B C 
= —————aE ae ee = ——E = | = — 
BARRENS 
| 
Lakewood...... 40 | 17-100+ 8-50 | 20-400 | 160-500+ | 80-5004 | 4.4-5.5 4.8-5.5 | 4.2-5.4 
Lakehurst... . . 2 | 20-100 25-50 | 20- 28 400-500 220 4.5-4.9 4.8-5.1 5.1 
Siem... ....... 1 | 35-85 | 4045 | 160 500 160 5.0 5.3 5.2 
Evesboro..... rol 11 | 19- 80 | 15-55 100-500 160-500 160-400 4.4-4.8 §.1-5.5 5.0-5.4 
PNG so os suet 4 17- 80 | 8-55 | 160-500 | 160-500 200-500 4.8-5.0 2-5.4 §.1-5.4 
PM es 125.5 0 1 — — 100 — ~ 4.6 — 
a 7 ra bee | \ ee 
PLAINS 
Lakewood... . 36 9-17 | 3- 9 | 24-160 36-500 80-500 4.0-5.1 4.2-5.1 | 4.1-5.2 
St. Johns...... a i ao oo — 4.9 we — 
Evesboro 3 | 9- 16 2-8 | 24-160 80-440 160-400 4.2-4.3 4.54.9 | 4.43.0 
Downer. . 4 g- 16 4-9 120-180 | 200-400 160-400 4.1-4.5 4.24.7 | 4.24.6 
| 
TRANSITION 
Lakewood... . 8 17- 90 6-45 | 26- 32 110-500 50-100 4.5-5.5 4.5-5.1 5.0-5.1 
eons... ... 2 70-90 | 2040 | 2 80 — 4.4 4.5 _ 
St. Johns... . 3 30- 60 | 10-30 32-210 100 --- 4.4 4.4 = 
Downer... 1 12- 15 25 100 160 400 4.7 5.0 5.0 
Muck*..... 2 50- 80 40-50 — — 


| | | 





® Surface sample of muck in Barrens tested for only one Al and pH test. Muck in Transition not tested for Al or pH. 
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DiscUSSION 


Since Lutz’s (1934) study of the vegetation of 
the Plains and Barrens of the New Jersey Pine Re- 
gion, little change has occurred in their general physi- 
ognomic appearance. In 1932, Lutz observed the 
Plains growth as being 4 to 6 ft tall and 8 yrs old 
with oceas-onal trees up to 11 ft tall. Even though 
the present study was conducted about 20 yrs later, 
the average height and age are about the same, ex- 
cept for some groups that were 7 to 9 ft tall and 16 
to 18 yrs old. A history of wildfires occurring at 
intervals of 8 yrs (Lutz 1934) over a period of many 
decades is still in evidence in large areas of the Plains, 
although some areas have escaped burning since his 
study. Lutz’s definition of the Transition community 
as trees 11 to 25 ft tall is still valid, although in the 
present study occasional trees of greater height that 
have escaped the lethal effects of fire are included in 
the Transition. His definition of the Barrens com- 
munity as being one with dominant trees 40 to 50 ft 
tall is also appropriate today, but additional fire 
damage and the ever-increasing wood cutting through- 
out the Barrens area have converted many former 
homogeneous stands to mixed-age coppice growth. 


PLAINS AREA 


The list of wody and herbaceous plants that Lutz 
(1934) found within a cirele of 15 ft radius centered 
on his soil wells in the Barrens, Plains, and Transi- 
tion communities is richer than that presently found. 
According to his data, he found 52 different species 
at 16 Plains stations, but not all were at one station. 
Of the 52, only the following 7 were common (fre- 
quency of 50% or more): Hudsonia ericoides, Arc- 
tostaphylos uva-ursi, Quercus marilandica, Q. tlici- 
folia, Pinus rigida, Vaccinium vacillans, and Gaylus- 
sacia baccata. The latter 4 species were found at all 
of his Plains stations, but only Gaylussacia baccata 
was listed as abundant at every one. The majority 
of his recorded plants were described as rare and 
found only at a few stations. Apparently the 1-m 
herb—small shrub quadrat technique of the present 
study was not adequate enough (22 species recorded) 
to arrive at the same floral list that he found in a 
706.5 sq ft quadrat. In addition, some of his stations 
were probably established in more open areas. Re- 
sults do agree, however, with his 7 common species. 
Although Lutz observed that 95% of the Plains trees 
are of sprout origin and 5% of seedling origin, a 
more conservative estimate based on recent observa- 
tions would suggest only 1% of seedling origin. The 
virtually complete and dense cover provided by the 
sprout, tall and low shrubs, and herbs undoubtedly 
reduces the available light far below that required by 
the tree seedlings, especially Pinus rigida. A few 
seedlings were observed in both surveys but they were 
weak and poorly formed. The serotinous nature of 
the cones of the Plains sprout growth, which pre- 
vents an annual dispersal of seed, coupled with a litter 
layer 1 to 3 em thick, also precludes the existence of 
any appreciable number of Pinus rigida seedlings. 
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The suggestion (Gifford 1900) that the “imperfectly 
formed seeds” produced by the cones of the pine 
sprouts was contributory to the poor growth forms of 
succeeding generations was not substantiated by the 
author’s examination of sprout cones in which the 
seeds appeared normal and were indistinguishable 
from those of Barrens cones. He may have collected 
deformed seed from insect infested cones or from a 
large competitive cluster of cones as reported by 
Ilick & Aughanbaugh (1930). 

Preliminary findings of a study condueted by the 
U. S. Forest Service (S. Little 1957, pers. communi- 
cation) to determine methods of converting the low 
coppice forest of the Plains to Barrens seedling 
growth indicate that Pinus rigida seed released from 
fire-opened cones will germinate and develop in 
abundance on cleared and scarified soil. However, 
unless the seedlings are fenced, they are soon reduced 
to deformed sprouts by the incessant feeding of the 
Fenced seedlings grew 
These observations sug- 


voracious deer of the area. 
rapidly, normally, and erect. 
gest that the dwarfing of the sprout clumps of the 
Plains is a pseudo-nanism—it is not of a genetic 
nature and is not inherited by the progeny of the 
sprout clumps. 

The virtual lack of pine seedlings in the Plains 
along the edges of roads, trails, and cleared areas that 
are contiguous to seemingly abundant seed sources is 
probably due to the inadequate dispersal distance of 
seed from the sprouts, the serotinous type of cones, 
and the custom of “pine-balling,” the collection of 
pine cones for sale as Christmas decorations by the 
local inhabitants. 

The prophecy (Lutz 1934) that “it seems evident 
that afforded protection, the trees on the Plains may 
in time attain sizes comparable to those in the other 
communities” might be fulfilled eventually. If the 
stools have been burned repeatedly and are of old age, 
as most of them are, their sprouts will probably never 
attain the stature of Barrens trees (Little & Somes 
1956). But if Plains trees are of seedling or primary 
seedling-sprout growth, they could easily attain ar- 
borescent size. The establishment of these seedlings, 
however, will depend upon rather intensive silvicul- 
tural treatment, or upon the lapse of sufficient time 
free from fire. The last, if possible, would entail a 
long period—long enough for the present sprout 
growth to mature and die and for pine seedlings to 
start and come through the competing oaks. 

Lutz (1934) compared Gifford’s (1900) observa- 
tion of the 12-yr age of the Plains sprouts in 1895 
to his own determination of 12-yr-old growth in 1932 
explaining the similarity as a result of repeated stool 
sprouting after burning. In 1919 (Lee, et al. 1923) 
observations in the Plains revealed sprouts mostly 
less than 4 ft tall with maximum heights of 6 to 8 ft 
which corresponds to an age of 12 to 16 yrs. These 
observations and Lutz’s (1934) statement that fires 
are still valid, for 
classes of sprouts. 


oceur on the average every 8 yrs 
during the present study two age 
8 and 16 yrs, were observed in the greater portion of 
the area which was studied. 
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TRANSITION AREA 

Lutz (1934) lists 14 trees aged 43 to 73 yrs and 
11 to 28 ft tall as the largest in the Plains community, 
although a little earlier in his paper he indicated that 
this size class was part of his Transition community. 
In the present study, sizes and ages comparable to his 
Transition data were found in many areas. The sites 
were similar, too, for the larger trees were found (as 
he indicated) at the heads of and bordering streams, 
peripheral to cedar bogs or adjacent to roads and 
trails. In most instances these sites were either con- 
tiguous to or surrounded by Plains growth. The 
ascription of the term Transition community (Lutz 
1934) to vegetation grading from Plains to Barrens 
types was an excellent choice of terminology and is 
still valid. It primary use was to deseribe the de- 
velopmental stage from Plains to Barrens growth, 
but it can also be used to denote a degeneration from 
Barens to Plains growth. An observation by Lutz 
(1934) indicated that a former Transition area 
(Pinchot 1899) had been transformed to a typical 
Plains type community by 1932. 

Many areas observed within the Barrens proper 
that have been carelessly cut and burned could easily 
pass for Plains growth if viewed per se. As Lutz 
indieates, many widespread areas outside of the West 
and East Plains have the physiognomie characteristics 
of Plains growth. Such growth can be “created” at 
any place that supports the three essential species— 
Pinus rigida, Quercus marilandica, and Q. tlicifolia. 
As previously mentioned, the transformation of “old” 
Plains sprout growth to the Barrens type is long and 
arduous, if ever attained. (One severely fire-scarred 
tree that was rising above the sprout canopy was only 
12.8 ft tall but over 50 yrs old.) However, the de- 
generative change from Barrens to Plains can occur 
in a few years after a scourge of severe cuttings and 
burnings. The Transition areas near the Plains 
probably owe their existence to the varying frequency 
and intensity of uncontrolled fires. Wild fires may 
start in the Transition (especially near roads) and not 
harm the larger trees until they build up in intensity 
several hundred feet away. Back fires also set along 
roads deny fuel to approaching head fires and burn 
with an intensity low enough to be relatively harm- 
less to the larger trees. Many of the Transition areas 
are located on sites with a high water table. These 
sites are usually near cedar swamps, which protect 
the Transition areas from some head fires. In addi- 
tion, at certain times the high water table in these 
areas may wet the litter enough to lower the intensity 
or frequency of other fires, thus permitting the de- 
velopment of larger trees than in the Plains. 


BARRENS AREA 

Examples of relatively undisturbed Barrens 
growth were described by Pinchot (1899) and recent- 
ly by MeCormick (1955). Occasional large trees 2 
ft in diameter and 40 to 50 ft tall can still be found 
in the Barrens, but the current and intensified cut- 
ting of both oak and pine for pulpwood and rough 
lumber is removing the last vestiges of the taller trees. 
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Since most of the future stands in the Pine Region 
will probably be cut on about a 40-yr rotation for 
pulpwood, large trees will continue to be rare. 

In his discussion of the Barrens community, Lutz 
(1934) recognized a “general diversity” of vegetation 
types but emphasized the omnipresence of Pinus 
rigida and indicated that P. echinata and P. virgini- 
ana are unimportant. He also listed Quercus alba, Q. 
prinus, Q@. coccinea, and @. velutina as important 
members, although he comments that hardwood stands 
are of rare occurrence, Successional trends and analy- 
ses of the then existing vegetation, as deseribed by 
Stevens (1940), indicated the increase in number and 
presence of many predominantly hardwood stands. 
MeCormick (1955), however, described several mature 
hardwood types in which pine plays a minor role. 
In addition, Buell & Cantlon (1950) also described 
stands composed predominantly of oak which they 
considered to be further advanced in successional 
development. Their critical review of the literature 
also led them to believe that with time and lack of fire, 
oak dominance will become more prevalent. 

The heights, diameters, and ages of the largest 
trees found in the 12 Barrens quadrats (Table 8) and 
the range of age and height in the extensive survey 
(Table 11) revealed a greater diversity of age groups 
than reported by Lutz (1934), but as mentioned ear- 
lier the wide spread of ages of the dominants is a 
result of the increasing timber harvest in the Barrens. 


SOILS 

No cause-effect relationship between geologie for- 
mation and physiognomie type was found. Both the 
Beacon Hill and Cohansey formations were found in 
both Plains and Barrens areas. The literature, in text 
and map (Kiimmel 1940, Salisbury & Knapp 1917), 
also reveals a similarity of geologic formations in 
both areas. Soil series (Lee, et al. 1923) and tex- 
ture (Table 6) also were similar in both areas. It 
should be mentioned, however, that many larger than 
average trees were growing on Leon and St. Johns 
soil, but this is undoubtedly due to the beneficial 
effects of the high water table and the proximity to 
swamps which commonly act as barriers to fire. 

Amounts of soluble aluminum (Table 11) ranged 
widely within the horizons of the 120 soil wells dug 
in the Plains, Transition, and Barrens areas, but the 
horizon ranges were similar in all three areas. So, in 
other words, no differences exist in aluminum between 
physiognomiec areas. The lower readings of the A, 
horizons corresponded closely with the lower amounts 
of silt and clay in the A, and the removal of sesqui- 
oxides to the B horizon (Joffe & Watson 1933). The 
reason for the slightly lower pH readings of the 
Plains horizons (Table 11) is not explainable at pres- 
ent, but in all cases the pH of the 3 areas was below 
5.5 The rather high pH readings of 5.90 to 6.25 for 
Lakewood and 6.00 to 6.25 for Downer soils (Lip- 
man, Joffe & Conybeare 1940) seem unrealistic un- 
less they were previously limed, but no indication of 
liming is given. The virtual lack of any differences 
in available nutrients between the present three areas 
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indicates that the depauperate growth of the Plains 
is not due to a nutrient deficiency. Earlier data 
(Lutz 1934) also indicate similarities of soil reaction 
and available nutrients throughout the areas studied. 

The effects of charcoal upon the soil have been 
discussed by Tryon (1948). He indicates that al- 
though several physical and chemical properties of 
the soil are altered and the water holding capacity 
of coarse surface soils is slightly increased, the pres- 
ence of charcoal has little or no effect upon the growth 
of coniferous seedlings. Only when the amount equals 
30 to 40% of the soil volume, such as is found at 
abandoned charcoal pits, does the vegetation suffer. 
As previously indicated, particles of charcoal in minor 
quantities were found in all the A horizons of the 
soils sampled, so a differential in physiognomic areas 
supposedly caused by a presence or lack of charcoal 
does not apply here. Several Barrens charcoal balds 
devoid of trees and large shrubs were found in areas 
where intensive charcoaling was practiced, but, on 
the other hand, at some former charcoal pits, soils 
with a pure charcoal horizon thickness of 8 to 10 in. 
were supporting trees 20 to 30 ft tall. Perhaps the 
charcoal-wood that accidentally became ignited and 
burned to ash released enough mineral matter to in- 
hibit root growth for long periods of time. 

Although each soil well in the Plains, Transition, 
and Barrens areas was dug or probed to a 4-ft depth, 
not one single encounter was made with a hard-pan or 
ortstein. This hard-pan which supposedly was of 
major influence in ereating the Plains (Harshberger 
1916, Gifford 1900) was observed only at a roadbed 
cut. through Barrens vegetation. Even though the 
ortstein was 1 in. thick, it was broken at regular in- 
tervals and was not a barrier to root penetration. 

The amounts of sand (5 classes), silt, and clay 
varied with soil series, but the same series (Lakewood, 
Evesboro, and Downer) which composed the majority 
of soils were found on both the Barrens and Plains 
areas thus ruling out soil series as a causative feature 
of the Plains. On the Barrens sites that were not 
severely burned the vegetation was somewhat related 
to the soil series and texture. A greater number of 
larger sized Quercus coccinea and Pinus echinata 
were found on Downer and Evesboro soils than on the 
more droughty Lakewood. Lee, et al. (1923) remark 
that Pinus rigida predominates over oak on sandy 
sites, whereas on well-drained soils with more silt and 
clay the major species is oak. Forest stands com- 
posed mostly of oak were observed specifically on 
Downer gravelly sand loam and Downer sand. They 
described the vegetation on Lakewood sand as com- 
posed of stands of smaller Pinus rigida and Quercus 
ilicifolia, 

It is apparent from the results of the chemical and 
physical analyses of the soils sampled that no ap- 
preciable differences exist in any property between 
the Plains and Barrens areas. As a matter of fact, 
aluminum was found in greater quantities in several 
Barrens areas that supported normal and vigorous 
trees than in Plains areas that supported stunted 
sprout growth. It is Lutz’s (1934) opinion, too, that 
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the soil body per se plays no role in “creating” or 
inaintaining Plains growth. 


CONCLUSIONS 

The precise role of soluble aluminum upon the 
physiological processes of Pinus rigida is still un- 
known, but results of this study indicate that in 
natural soil it is not lethal, even in very high con- 
centrations, that it has no apparent influence in de- 
pressing growth, and that it is not contributory to the 
maintenance of existing nanism. 

Survival and growth rates of Pinus rigida planted 
in the Plains area were substantially higher than in a 
similar planting in the Barrens area. This superiority 
was evidenced even though there was a much greater 
amount of soluble aluminum in the Plains soil hori- 
zons, especially in the zone of root growth where it 
was 5 times as great as in the Barrens area. The 
more vigorous growth is undoubtedly related to the 
relatively greater moisture holding capacity of the 
Plains soil at the planting site. Unless the following 
summers are considerably wetter than those during the 
planting test, it seems likely that the majority of the 
seedlings planted at the Barrens planting site near 
Mt. Misery will soon perish. The droughty charac- 
teristics of this Barrens soil, caused by the virtual 
lack of silt or fine colloids, is certainly not conducive 
to good growth or high survival. In faet, as the seed- 
lings are further retarded, they will be damaged or 
killed by deer browsing or webworm defoliation. 
These two influences, in turn, further decrease the 
ability of the seedlings to recover from drought, thus 
compounding the inimical conditions of the site. As 
a result of these observations, it is recommended that 
careful consideration should be given in the selection 
of sites similar to the Barrens planting site for re- 
forestation by planting, for unless organie or other 
colloidal materials are added to the soil an excessively 
high mortality rate will ensue. 

The lack of positive growth relationships between 
Pinus rigida and Avena sativa planted in the same 
soil suggests that A. sativa is not a valid indicator of 
the reaction of P. rigida to natural soils. Since there 
was no significant difference between the growth 
means of the oats or pine grown in soils of Plains or 
Barrens origin, and there was such a wide deviation 
from the mean in seedling growth within the soils of 
the Plains or Barrens areas, it is obvious that a com- 
plicated mosaic of soil series and textures exists in 
both areas. The variation of soluble aluminum, pH, 
and soil particulate percentages of soils within the 
two areas also supports the contention of a mosaic 
instead of a large homogeneous soil body within either 
the Plains or Barrens. From the results of the phy- 
tometer study it is evident that there is no marked 
relation between the amount of soluble aluminum in 
the soil and the growth responses of Pinus rigida or 
Avena sativa. The similar response of Avena sativa 
seedlings to various soil amendments even though the 
untreated soil was originally collected from 2 Plains 
and 2 Barrens sites also refutes the theory of alumi- 
num toxicity in the Plains. 
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Consistent repetition of soil series, textural classes, 
and physical and chemical components, especially 
soluble aluminum, in both the Plains and Barrens 
areas can hardly be used to explain the striking physi- 
ognomic difference in vegetation types or the corre- 
sponding contrast in height and form of Pinus rigida. 
However, the omnipresence of numerous charcoal 
fragments in all the soils sampled, and the presence 
of burned cones and charred snags throughout the 
Plains and Transition areas presents strong evidence 
that the pyro-factor is of the greatest influence in the 
creation and maintenance of the stunted Pinus rigida 
and other species in the Plains area, A considera- 
tion of the very young pine sprouts supported by fire- 
scarred stumps 80 to 90 yrs old is additional proof 
of the omnipotent influence of fire in the Plains. 

Evidence of a marked decline in survival and 
vigor of Pinus rigida stump sprouts of Barrens trees 
40 yrs and older seems, at first, to be contradictory 
to the sprouting ability of the very old stools in the 
Plains. One possible explanation, however, is that 
the “ropy,” wide-spreading root systems of the Plains 
sprouts (which probably also propagate after burn- 
ing) are vigorous enough to withstand the shock of 
canopy removal by fire. The large tap-rooted systems 
of the Barrens trees probably require much more car- 
bohydrates for respiration than can be supplied by 
the leaves of the collar sprouts. This lack of essential 
material results in the death of the root followed by 
the death of the sprouts. 


SUMMARY 


1. Evidence of frequent fires and a study of the 
soils supporting stunted coppice-forests of Pinus 
rigida in the so-called East and West Plains of Bur- 
lington and Ocean Counties, New Jersey, indicated 
‘that the primary cause of the dwarfing is repeated 
burning and not toxic quantities of soluble aluminum 
in the soil. This assumption is made because similar 
soil conditions, even higher concentrations of soluble 
aluminum, and a lower frequency of fires were found 
in contiguous areas supporting Pinus rigida 30 to 40 
ft tall. 

2. Survival (89%) and growth rates of Pinus 
rigida seedlings planted on a Plains site were much 
higher than in a similar Barrens planting where sur- 
vival was only 63.5%. Soluble aluminum in quanti- 
ties of 200 ppm, which was five times the amount 
found in the Barrens soil, exhibited no depressing 
effect upon the Plains seedlings. The poor growth 
and survival rates in the Barrens were attributed to 
droughty soil conditions due to a lack of sufficient 
soil colloids. 

3. Cutting and subsequent sprouting of 25 single- 
stemmed Pinus rigida trees ranging in age from 5 to 
95 yrs indicated that greatest ultimate vigor and best 
form developed in the younger trees. Although the 
initial number of collar sprouts was as high as 330 
on a stump 32 yrs old, this number was reduced to 
195 within a year. Three years later sprouts of trees 
8 to 11 yrs old exhibited the best form. 
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4. A sowing of Pinus rigida and Avena sativa in 
crocks containing B horizon soils collected from 12 
Plains and 12 Barrens area stations revealed no 
marked growth differences between soils from the two 
areas. Wide differences were exhibited, however, 
within areas indicating a mosaic of soil types. The 
growth reactions of Pinus rigida and Avena sativa 
sown in the same soil were dissimilar. Soluble alumi- 
num played no consistent role in depressing growth 
of either species. Fertilizer tests with Avena sativa 
showed no significant differences in yield between 
Plains or Barrens soils. There were, however, marked 
increases in oven dry weight and number of seed with 
inereasing quantities of fertilizer and lime regardless 
of soil source. 

5. A review of the literature pertinent to phyto- 
aluminum relations indicated that the theory of alumi- 
num toxicity was based primarily upon in vitro eul- 
ture studies involving vegetable or grain crops. A 
different approach to the problem revealed that many 
tropical tree species can tolerate and accumulate large 
amounts of aluminum and others actually require 
soluble aluminum proper metabolism. 
rigida is also classed as an aluminum accumulator. 
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INTRODUCTION 
Few birds have attracted more attention than those 
which have deviated from the usual pattern of nest- 
ing and rearing and lay their eggs in the nests of 
other birds. This mode of reproduction has been re- 
ported in five of 170 known families of birds: Cucu- 
lidae, Indicatoridae, Ploceidae, Icteridae, and Anati- 


dae. Of these, the Anatidae have received the least 
attention. Investigators who have written of avian 


breeding parasitism frequently cite the “careless” lay- 
ing by waterfowl as an example of an early stage of 
parasitism, yet facts concerning this behavior in ducks 
are rare and biological implications have been con- 
sidered but little. 

This paper reports observations of parasitic be- 
havior in the Redhead (Aythya americana) made dur- 
ing the summers of 1952-1956. Study areas, and au- 
thors who have described these areas, are as follows: 

‘Contribution from the Delta Waterfowl Research Station, 
the Missouri Cooperative Wildlife Research Unit, and Iowa 
State University. Research grants were received from the E. S. 


Stephens Fellowship Fund of the University of Missouri, and 
the Delta Waterfowl Research Station. 
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Delta Marsh (Hochbaum, 944:3-12; Love & Love, 


1954; Sowls, 1955:2-3), Whitewater Lake in south- 
western Manitoba (Bossenmaier & Marshall, 1958: 
3-5), and Knudson Marsh in northern Utah (Wing- 
field & 1955). intensive observations 
were also made in the Minnedosa pothole region of 
Manitoba (Evans et al., 1952), and at the Ogden Bay 
(Nelson, 1954) and Bear. River Refuges (Williams 
& Marshall, 1958) in northern Utah. 

I wish to acknowledge the many contributions of 
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given by Nicholas Collias, Clinton Conaway, Herbert 
Friedmann, Jessop B. Low, Martin Moynihan, Nolan 
Nelson, Robert I. Smith, and Allen W. Stokes. 
William H. Marshall and Cecil S. Williams permitted 
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Thomas 8. Baskett, William H. Elder, and Herbert 
Friedmann for assistance in preparation of the manu- 
seript. 


A REVIEW OF PARASITIC EGG LAYING 
IN BIRDS 


TERMINOLOGY 

The propriety of the term parasitism for the lay- 
ing of eggs in nests of other birds has often been 
questioned. However, Elton (1927:72) and other 
writers have pointed out that the interaction of two 
species which results in benefit to one and harm to 
the other may be termed either predation or parasi- 
tism. Both terms are commonly used with reference to 
the manner of obtaining food; predators devour their 
food directly whereas parasites usually do not destroy 
their host. However, all gradations between clear-cut 
predation and parasitism occur. In birds, reprodue- 
tion, rather than manner of feeding, is of primary 
importance as a basis for parasitism. Only the young 
are parasitic and are placed in that position by the 
action of their free-living parent. The young para- 
site then obtains its food from the host, usually at the 
expense of the host’s young. Because the aberrant 
breeding habits of these birds are detrimental to the 
reproduction of the host, but are clearly not of a pre- 
dacious nature, the use of the general term, parasi- 
tism, seems justified. An intermediate situation be- 
tween “breeding parasitism” of birds and “breeding 
predation” is that of the “parasitic” Hymenoptera. 
These wasps lay their eggs on the eggs or larvae of 
other insects and the “parasitic” larvae devour the 
eggs or larvae of the host species. Among birds, 
mortality of the host’s young may be due directly to 
the presence of the young parasite but never to con- 
sumption by the young parasite. 

More specifically, Friedmann (1929b) suggested 
the names “social or breeding parasitism for want of 
a better term.” The former term has come into more 
common usage although the latter seems more correct. 
Recently, the term “brood” parasitism (“Brutpara- 
sitismus” of Makatch, 1934, 1937, 1955) has been 
used and seems to be the presently accepted term 
(Miller, 1946; Friedmann, 1949; 1955; Rothschild & 
Clay, 1952:9). It is undoubtedly superior to “social” 
parasitism but is not without some element of con- 
fusion. 

Numerous terms have been used for species which 
are not obligate parasites but which are known to 
lay in the nests of other birds (often of the same 
species) and are thought to build nests themselves as 
well. Job (1902:205) called the Ruddy Duck a “semi- 
parasite,” while Peabody (1920) used the term “ovo- 
parasite.” Bent (1907) found nests containing both 
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Redhead and Canvasback (Aythya valisneria) eggs 
and called them “dumping” nests. Williams & Mar- 
shall (1938) recognized large clutches of Redhead 
eggs as the product of more than one female and 
called them “community” nests, while Davis (1940a, 
1940b) referred to the nests of the Smooth-billed Ani 
(Crotophaga ani) and Guira euckoo (Guira guira) 
as “communal.” Stoddard (1931:38) and Low (1945) 
spoke of large Bobwhite Quail (Colinus virginianus) 
and Redhead clutches, respectively, as “compound,” 
and Low and others referred to the laying process as 
“promiscuous egg laying.” 

A more specific terminology for non-obligate para- 
sites was given by Allen (1925:212-215) and Davis 
(1940a) and implied by Jourdain (1925). They sug- 
gested terms based on the proposed origin of the habit, 
stating that parasitism probably developed along two 
distinct lines: 1) nest parasitism, in which the female 
used old nests of other birds but incubated and reared 
its own young in a normal manner, and 2) egg para- 
sitism, in which the female laid eggs in the nests of 
other birds but later constructed a nest and reared a 
brood of its own. 


OBLIGATE PARASITES 


Indicatoridae. An excellent summary of para- 
sitism among honey-guides was recently presented by 
Friedmann (1955:14-20). He cites several charac- 
teristics which indicate that the parasitic mode of re- 
production is more ancient in this group than in any 
other: Firstly, because all parasitic birds seem to have 
evolved from species with the more usual type of re- 
productive behavior (Friedmann 1929a:351, 355), it 
is significant that courtship and other behavior as- 
sociated with nesting have degenerated more com- 
pletely in this family than in other parasitie groups. 
Secondly, all the nine African and two Asiatic species 
are thought to be parasitic. And, lastly, double bill 
hooks, derived from egg teeth, have evolved in the 
young parasite and are used to seize and eject its 
nest mates. In this way, competition for food is 
avoided. Such an adaptation must have required ages 
to develop, and any clues to the origin of the habit 
are lost in the past. 

Little is known of the behavior of the parasitizing 
female honey-guide except that she is very aggressive, 
often opposing the defensive actions of both members 
of the nesting pair. The eggs are plain white, often 
smaller than those of the host, and usually are laid in 
the nests of closely related, hole-nesting species (wood. 
Usually, only one egg is laid 


peckers and barbets). 
In some species, 


in each nest before incubation starts. 
the parasitic female may destroy the host’s eggs by 
puncturing them with her bill. 

Cuculidae. Most famous of avian parasites are 
the cuckoos. Approximately 80 of the 200 species 
of this family are parasitic (Makatsch 1937) and they 
are found on all major continents. The host-parasite 
relationships of African cuckoos have been studied by 
Friedmann (1948), those of India and Malaya by 


a 


Baker (1942), and those of Australia by Serventy & 
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Whittell (1951). The most intensive studies have 
been on the European Cuckoo (Cuculus canorus) 
(Chance 1922, 1940; Makatsch 1937, 1955) but many 
aspects of the behavior of this bird are still unknown. 

Sexual relationships of cuckoos have not been 
well described but polyandry seems prevalent (Ma- 
katsch 1955:220). The role of males in defense of 
territory is not clear-cut but the female is known to 
defend a territory to which she returns yearly (Chance 
1940:170). Within this territory, the female watches 
the activities of other birds and deposits all her eggs. 
The sight of the host’s nest or nest-building activities 
is thought to stimulate ovulation (Baker 1922, 1942; 
Chance 1921; Diesselhorst 1955). It has been sug- 
gested that the number of eggs laid is determined by 
the number of nests available (Chance 1940 :3-4), for 
artificial nests were always utilized. 

The presence of several fascinating adaptations 
indicates the antiquity of this behavior in cuckoos. 
Most amazing is egg mimicry; the eggs of a par- 
ticular female greatly resemble those of her hosts. 
The Indian Koel (Hudynamis hororata) has evolved 
such a high degree of perfection that its eggs not 
only match those of the species which it commonly 
parasitizes but also parallel the geographic variation 
in egg color in the host species (Baker 1923). Ege 
mimicry apparently developed by the host’s ejection 
of eggs unlike her own. Those parasitic eggs similar 
in color were most frequently tolerated and hatched, 
and strains of cuckoos laying a type of egg adapted 
to a certain fosterer resulted (Darwin 1898 :330-336; 
Baker 1923; Jourdain 1925). Such host specificity 
developed for species with which the cuckoo was fre- 
quently associated (Friedmann 1928) in its breed- 
ing. 

A second adaptation of the cuckoo is the speed 
with which the female lays her egg. The method of 
deposition, however, has been very controversial. 
Most workers now agree (Chance 1940 :144-145) that 
the egg is expelled directly from the oviduct into the 
nest—even in nests with a small opening where the 
cuckoo cannot enter and sit. The cuckoo will often 
sarry eggs of the host from the nest during the period 
in which she is laying parasitieally. 

A third specialization is found in the young 
cuckoo: a coneave back. Any object falling on its 
coneave back during the early days of life causes an 
instinctive upward push. The result is the ejection 
of the egg or nest mate and, as in the honey-guides, 
reduced competition for parental care. 

A fourth specialization, also found in the young 
cuckoo, is the matching of plumage coloration of the 
young parasite to that of the juvenile host (Makatsch 
1955 :225). 

Ploceidae. The weaver finches are a large family 
with a variety of nesting habits ranging from colonial 
nesting to complete parasitism (Friedmann 1949). 
Unfortunately, less is known of the parasitic species 
than of the colonial nesters. Parasitie species are 
found in two of the six subfamilies. The Cuckoo 
Finch (Anomalospiza imberbis) belongs to the sub- 
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family of typical weavers (Ploceinae) and the Widow 
birds (Vidua spp.) make up a wholly parasitic sub- 
family (Viduinae). 

Icteridae. The cowbirds are a small group of the 
Icteridae in which parasitism has developed more 
recently and in which various stages of development 
are found. Intensive research on this group has re- 
vealed much evidence of the development of parasitic 
reproduction in birds. Various stages of parasitism 
were studied by Hudson (1920, 1:69-114) and con- 
sidered by Allen (1925:212-215), Jourdain (1925), 
and others. The most comprehensive study was by 
Friedmann (1929a) in his classical work, “The Cow- 
birds,” which is summarized below: 

The Bay-winged Cowbird (Agelaioides badius) is 
not an obligate parasite but it is essential to consider 
it here for comparison with other cowbirds. It lacks 
elaborate courtship behavior and lays and incubates 
its eggs in other bird’s nests which it may acquire 
forcibly. Usually, however, it breeds late and uses 
an unoccupied nest which it may repair. 

The Screaming Cowbird (Molothrus rufo-axillaris) 
is completely parasitic, lays late in the season and, as 
a result, parasitizes mainly the Bay-winged Cowbird. 

The Shiny Cowbird (Molothrus bonariensis) is 
also parasitic although the behavior is hardly de- 
veloped to perfection. It often lays more than one 
egg in a nest and drops eggs on the ground. By 
placing old nests in conspicuous places, Hudson 
(1920:74) found that the Shiny Cowbird would even 
Nevertheless, it is very sue- 


lay in unattended nests. 
a high population density, 


cessful in maintaining 
possibly because it is an early breeder and because its 
habitat preferences result in an abundance of hosts 
(Friedmann 1928). 

The North American Cowbird (Molothrus ater) is 
also very abundant. It parasitizes over two hundred 
species of small songbirds (Friedmann 1934). Much 
material on the behavior of the female was gathered by 
Hann (1937, 1941) in connection with his work on the 
Ovenbird (Seiurus aurocapillus). By careful observa- 
tion, Hann found that the cowbird watches nest con- 
struction in its home and, as in cuckoos, is 
probably stimulated to ovulate in this way. He found 
that the cowbird took an egg from the nest prior to 
or following the deposition of its own egg. The 
host’s egg is usually eaten. The cowbird, like the 
cuckoo, can deposit its egg in a few seconds. 

Although it is a successful parasite, Nice (1937: 
163-164) considered the behavior pattern imperfectly 
developed in the North American Cowbird because 
hens often laid more than one egg in a nest, occasion- 
ally laid in nests in which incubation had started, or 
laid in unattended nests. 

Anatidae. The Black-headed Duck (Heteronetta 
atricapilla), a member of the Oxyurini, appears to 
be the only known obligatory parasite among water- 
fowl. It inhabits deep lagoons of southern Paraguay 
and Uruguay, southeastern Brazil, and central Chile 
and Argentina (Gibson 1920, Phillips 1925:95). As 
is typical of the Oxyurini, it is a shy and retiring 


area 
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species (Wetmore 1926). Eggs of this species found 
in water-birds’ nests were at first attributed to the 
Rosy-billed Duck (Netta peposaca) (Rodriguez 1918). 
Daguerre (1920) proved these to be eggs of the Black- 
headed Duck by comparing them with an egg removed 
from the oviduct of a female. Dabbene (1921) re- 
ported eggs of this species in the nest of a Limpkin 
(Aramus guarauna). Wilson (1923a) published a 
photograph of an unidentified egg in the nest of a gull 
which Daguerre (1923) identified as an egg of the 
Black-headed Duck. Wilson (1923b) reported an egg 
in the nest of the Chimango or Caracara (Caracara 
cheriway). Daguerre (1922, 1924) and Wilson 
(1926) considered the relationship of this species to 
other marsh birds. Delacour & Mayr (1946) reported 
the egg of a Black-headed Duck in the nest of a Red- 
gartered Coot (Fulica armillata). Goodall, Johnson, 
& Phillippi (1951, I1:133) found its eggs in coot 
nests commonly during the 1930’s but reported the 
species decreasing in abundance in Chile because of 
marsh drainage and droughts. Emilie Zuberhuhler of 
Buenos Aires, reports (in litt.) its status in Argentina 
as somewhat better than that noted in Chile. He also 
reported finding its eggs in the nests of coots, herons, 


Caracara, and the Crested Screamer (Chauna cha- 
varia). 
NoN-OBLIGATES OR SEMIPARASITES 
Phasianidae. Although no obligate parasites are 


known from this group, they are of interest because 
they commonly lay eggs in the nests of other birds. 
They apparently build their own nests later and brood 
in a normal fashion. 

Of the Bobwhite Quail, Stoddard (1931 :27) 
states: “When Quail are abundant and nesting cover 
is scarce and short, two or even three quail hens oc- 
casionally deposit eggs in the same nests.” He was 
able to observe this behavior from a blind but gave 
no details. He found that early clutches averaged 
slightly larger than late ones because of the prevalence 
of compound clutches which were initiated before 
nesting cover became dense. Eight percent of 394 
complete clutches contained 20 or more eggs, and one 
contained 28. Stoddard attributed single eggs found 
on the ground to hens with destroyed nests or to those 
that could not reach their nests before the egg had to 
be laid. - 

An interesting case of interspecific parasitism in- 
volving Bobwhites and bantam chickens was found 
by Stoddard in a farmyard. Bobwhites parasitized 
the chicken nests and the bantams parasitized nests 
of the Bobwhite. Interspecific parasitism by Bob- 
whites was also reported by Blain (1954) who found 
their eggs in the nest of a Ring-necked Pheasant 
(Phasianus colchicus). Baskett (1947) noted laying 
by domestic chickens in pheasant nests and Durango 
(1940) reported chicken eggs in an eider’s nest. 
Bleitz (1956) reported an egg of the California Quail 
(Lophortysx californica) in nests of the Bobwhite and 
the Spotted Towhee (Pipilo erythrophthalmus arcti- 
cus). 
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The exotic Ring-necked Pheasant commonly de- 
posits its eggs in the nests of other species of birds as 
well as in those of other pheasants. In Iowa, where 
pheasants nest close to water areas used by ducks, 
Bennett (1936, 1938a:47-67) found that nearly five 
percent of Blue-winged Teal (Anas discors) nests, 
and a few Mallard (Anas platyrhynchos) and Shovel- 
er (Spatula clypeata) nests were parasitized. He 
suggested that variations in the degree of parasitism 
reflected differences in pheasant density, a view sup- 
ported by Glover (1956) in later work on the Blue- 
winged Teal. Girard (1939), Williams & Nelson 
(1943), Wingfield (1951), Fuller (1953) and Miller 
& Collins (1954) also reported pheasant eggs in duck 
nests. 

Baskett (1947) found intraspecific parasitism in 
pheasants common in Jowa. Nests were classified as 
dump nests only when the rate of egg laying exceeded 
one per day or when clutches were large and the eggs 
scattered. “Dump” nesting accounted for losses of 
only 2% of the unsuccessful nests. However, losses 
due to unknown causes were 12% of the unsuccessful 
nests, and it is possible that some of the latter losses 
may have been caused by undetected pheasant para- 
sitism. 

When Meyer, Kabat & Buss (1947) developed the 
technique for counting ovulated follicles, they were 
able to determine the number of eggs laid by hen 
pheasants. They found (Buss, Meyer & Kabat 1951) 
that wild hens commonly laid more than twice the 
normal clutch of eggs. These authors concluded that 
the egg laying behavior of wild hens was similar to 
that observed in captive hens which laid 4-27 eggs 
on the ground, up to 24 eggs in nests which were not 
incubated, and finally 6-13 eggs in nests which they 
then incubated. 

Stokes (1954) observed much parasitism or dump 
nesting on Peelee Island, Ontario, where pheasant 
populations were very high. He noted that the 
amount of parasitism and the density of nesting popu- 
lations correlated highly. From 35 to 39% of nests 
observed were deserted; many of these were large 
clutches. Stokes concluded that laying behavior was 
similar to that observed in captivity by Buss, Meyer 
& Kabat (1951). Stokes considered nest abandon- 
ment inherent in the pheasant and suggested that 
eventual control of the very high Peelee Island pheas- 
ant population “may be a rate of nest abandonment 
so high that nesting success barely compensates for 
annual mortality.” 

Other families. It is apparent from the literature 
that, on occasion, many species will lay their eggs in 
the nests of other birds; some seem to do so common- 
ly, but for most of these species, the frequency of 
this habit is poorly known. 

Many non-parasitie members of the Cuculidae are 
aberrant in their breeding habits. The North Ameri- 
can Black-billed (Coccyzus erythrophthalmus) and 
Yellow-billed (C. americanus) Cuckoos construct poor 
nests and commonly lay in the nests of other birds 
(Davidson 1887, Herrick 1910, Barrows 1912:95, 
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Bent 1940:56-57, Spencer 1943). Another North 
American species, the Roadrunner (Geococcys califor- 
nianus), is irregular in its laying habits. Miller (1946) 
states that eggs may be laid in a nest as late as the 
hatching period of the first laid egg but this is quite 
possibly due to parasitism by another female. Para- 
sitism of a Raven (Corvus coraxr) nest by a Road- 
runner was reported by Pemberton (1925). 

Among the cuckoos of Central and South America, 
the Smooth-billed Ani (Davis 1940a) and the Guira 
cuckoo (Davis 1940b) are both reported to be com- 
munal in nesting habits. All construct how- 
ever. The Guiras build nests in close association and 
several females lay in one nest. Apparently, the 
Anis are even more sociable, many pairs constructing 
a single nest in which most females lay. 

Adam (1908) found that the Common Rhea (Rhea 
of Argentina frequently laid in other 

Of this species, Hudson (1920, 11 :233) 


nests, 


americana) 
Rheas’ nests. 
wrote: 
“The females of a flock all lay together in a 
natural depression in the ground, with nothing 
to shelter it from sight, each hen laying a dozen 
or more eggs. It is common to find thirty to 
in a nest, but sometimes a larger 
have heard of a nest being 


sixty eggs 
number, and I 


found containing one hundred and_ twenty 
eggs.” 


Apparently, the male drives the females away when 
he becomes broody and the females then scatter fresh 
eges about on the plains. Hudson reported similar 
behavior in Darwin’s Rhea (Rhea darwini) and Dar- 
win (1898 :330-336) reported picking up 20 “lost and 
wasted” eggs. 

Abbott (1902) reported the eggs of the Kared 
Grebe (Podiceps caspicus) in a Western Grebe’s 
(Aechmophorus occidentalis) nest and Wolf (1953) 
found two Pied-billed Grebe (Podilymbus podiceps) 
eggs in the nest of a Western Grebe. Bernard Gallop 
(in litt.) observed an egg of the Black Tern (Chli- 
donias niger) in a Redhead “dump” nest. Allen 
(1932) reported the egg of the Royal Tern (Tha- 
lasseus maximus) in the nest of a Laughing Gull 
(Larus atricilla), while Beresford (1922) noted a 
Curlew’s (Numenius arquata) egg in the nest of a 
wild duck. Parasitism by the Virginia Rail (Rallus 
limicola) on the Sora (Porzana carolina) was re- 
ported by Tanner & Hendrickson (1954). 

Ritter (1938:66) reported the California Wood- 
pecker (Balanosphyra formicivora) to be a_ highly 
social bird and probably communal in nesting habits. 
Records of nests containing as many as 12 to 17 eggs 
were cited, while the average clutch was only 4 or 5. 

Among the passerines, the eggs of the House 
Finch (Carpodacus mexicanus) (Shepardson 1915) 
and the Brown Thrasher (Zoxostoma rufum) (Bailey 
1887) have been reported in the nests of other birds. 
Leverkuhn (1891) reported many other such cases. 

Joint nestings, involving the laying of eggs by 
two species in one nest with the result that both in- 


Parasitic Egg LAYING IN THE REDHEAD 337 


cubate side by side, are not common, but a number 
of instances have been observed. This has been re- 
ported for the Cardinal (Richmondena cardinalis) 
and Song Sparrow (Melospiza melodia) (Brackbill 
1952), the Mourning Dove (Zenaidura macroura) and 
the Yellow-billed Cuckoo (Davidson 1887), and the 
Dove and the American Robin (Turdus 
migratorius) (Raney 1939). Similar nestings have 
been reported for the European Robin (Frithacus 
rubecula) and the Redstart (Phoenicurus phoenicu- 
rus) (Balsace 1926) and other species (Lack 1946:71). 
Numerous other cases of joint nesting have been re- 


Mourning 


ported, but, because they apparently represent con- 
flicts in nest site selection rather than parasitism, the 
information above is sufficient to indicate the oceur- 
rence of joint nesting. 

Anatidae. Of all the 
non-obligate parasites, the waterfowl are most noted 
for laying eggs in the nests of other birds. Since the 
late 1800’s, when ornithologists first studied the water- 
fowl nesting areas of the American prairies, numerous 


North American Species. 


records of nests containing the eggs of more than one 
female or one species have been reported. These 
records, with the exception of those which are not 
clearly stated, are tabulated in Table 1. This table 
not only gives some idea of the widespread occurrence 
of non-obligate parasitism or dump nesting among 
North American waterfowl but is also a erude index 
to the frequency of parasitic behavior among different 
species. It is noteworthy that the Redhead and Ruddy 
Duck lead this list in spite of the faet that they are 
less abundant than many other species. 

Job (1898, 1902 :205), one of the earliest workers 
to report this behavior, was impressed by the com- 
monness with which the Ruddy Duck laid its eggs in 


other nests and termed the duck “semiparasitic.” 
Bent (1902) also noted this habit but found more 
parasitism by Redheads than Ruddy ducks. Of the 


Redhead he stated (1907) : 
“A few eggs of this species were generally 
to be found in all the nests. 
These two species have a peculiar habit of 
building what we called dumping nests in which 
large numbers of eggs are deposited but ap- 
parently not incubated; we found two such 
nests, one of which contained 19 eggs, 9 of 
the Redhead and 10 of the Canvasback, piled 
up indiseriminately and some of which had 
rolled out of the nest which was _ partially 
broken down and evidently deserted.” 


Canvasback’s 


Willet (1906) found mixed elutches of Blue- 
winged Teal, Green-winged Teal (Anas carolinensis), 
Mallards, Canvasbacks, Shovelers. He found 
parasitism by the larger species on the teal most com- 
mon but gave no accurate details of individual nest 
records. Macoun & Macoun (1909) reported that a 
nest found in 1891 held eggs of both Canvasback and 
Redhead. 


this occurrence. 


and 


They later found numerous examples of 
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TABLE 1. Reports of parasitic egg laying among TABLE 1 (Cont.) 
North American waterfowl. The area of observation and 
the authority follow each host. 





C. Species parasitized by the Mallard 
Pintail (Anas acuta) Utah 
Mallard (Anas platyrhynchos) ? 





Fuller 1953 
Phillips 1923 


A. Species parasitized by the Redhead Wingtield 1951 





Cinnamon Teal (Anas cyanoptera) Utah 


Coot (Fulica americana) Calif. Bryant 1914 . Idaho _Bizeau 1951, Steel 1952 
American bittern (Botaurus Canvasback (Aythya valisneria) ? Bent 1923:193 
lentiginosus) Iowa Low 1945 Redhead (Aythya americana) Utah Williams & Nelson 1943 
Pintail (Anas acuta) Utah Williams & Nelson 1943 ” Ore. Erickson 1948a 
. Idaho _Bizeau 1951, Steel 1952 . Utah Wingfield 1951 
° Utah Fuller 1953 Ruddy Duck (Ozyura jamaicensis) Utah §Wingtield 1951 
. Utah Odin 1957 
Mallard (Anas platyrhynchos) Utah Williams & Nelson 1943 D. Species parasitized by the Lesser Scaup 
“J Iowa Low 1945 Gadwall (Anas strepera) N.D. Bent 1902 
ni Idaho _ Bizeau 1951, Steel 1952 = Sask. Macoun & Macoun 1909:83 
$ Utah Wingfield 1951 26 Sask. Ferry 1910 
ad Utah Wolf 1952 Shoveller (Spatula clypeata) N. D. Job 1898, 1899, 1902:192 
vs Utah Odin 1957 Redhead (A ythya americana) ? Phillips 1925 
Gadwall (Anas strepera) Utah Nelson 1943 White-winged Scoter (Melanitta 
Shoveller (Spatula clypeata) Utah Odin 1957 deglandi) N. D. Bent 1902 
Cinnamon Teal (Anas cyanoptera) Utah Williams & Nelson 1943 
ad » Utah Wingtield 1951 E. Species parasitized by Canvasback 
“4 r Utah Spencer 1953 Redhead (Aythya americana) Man. Hochbaum 1944:49 
° . Utah Odin 1957 . Ore. Erickson 1948a 
Canvasback (Aythya valisneria) N.D. Job 1898, 1899, 1902: 187 ° N. D. Peabody 1920 
7 N.D. Bent 1902 Canvasback (Aythya valisneria) Sask. Furniss 1938 
e. Man. Macoun & Macoun 1909:92 . Ore. Erickson 1948a 
ad Iowa Bennett 1937 Ruddy Duck (Ozyura jamaicensis) Sask. | Macoun & Macoun 1909:119 
* Man. Hochbaum 1944:91 
. Idaho Low & Nelson 1945 F . Species Parasitized by the Fulvous Tree Duck 
~é Iowa Provost 1947 Redhead (Aythya americana) Calif. Shields 1899 
al Ore. Erickson 1948a, 1948b Fulvous Tree Duck (Dendrocygna 
ad Idaho _ Bizeau 1951, Steel 1952 bicolor) Calif. Barnhart 1901 
Redhead (Aythya americana) N. D. Bent 1902 . . * Argen. Hudson 1920 
ad Colo. Rockwell 1911 ° . : Calif. Dickey & Van Rossem 1923 
° Calif. Willet & Jay 1911 - Hs . La. Meanley 1956 
+ Sask. Bent 1923:178 
= Iowa Bennett 1938b G. Species Parasitized by the Pintail 
4g Sask. Furniss 1938 Canada Goose (4ranta canadensis) Idaho _Bizeau 1951 
? Utah Williams & Nelson 1943 Mallard (Anas platyrhynchos) Utah Wingneld 1951 
° Iowa Low 1945 Redhead (Aythya americana) Utah Williams & Nelson 1943 
4 Ore. Erickson 1948a " lowa Low 1945 
- Idaho _Bizeau 1951, Steel 1952 
id Utah Wingfield 1951 H. Species Parasitized by the Cinnamon Teal 
. Utah Wolf 1952 Mallard (Anas platyrhynchos) Utah Wingfield 1951 
“ Calif. Miller & Collins 1954 Redhead (Aythya americana) Utah Williams & Nelson 1943 
Lesser Scaup (Aythya affinis) Idaho _Bizeau 1951, Stee: 1952 ‘ Utah Wingucld 1951 


Ruddy Duck (Oxyura jamaicensis) N. D. 
oo 


Bent 1902 


Ruddy Duck (Oxyura jamaicensis) Utah 


Wingueld 1951 


* Iowa Low 1945 
” “i Utah Wingfield 1951 I. Species Parasitized by the Shoveler 
a! . Utah Wolf 1952 Mallard (Anas platyrhynchos) ? Phillips 1923 
© 4 Sask. Macoun & Macoun 1909:119 American Widgeon (Mareca 


= 


Western Grebe (Aechmophorus 


. Species parasitized by the Ruddy Duck 


americana) N. D. 
Cinnamon Teal (Anas cyanoptera) Utah 
Redhead (Aythya americana) Utah 


Job 1898, 1899, 1902:192 
Spencer 1953 
Williams & Nelson 1943 


occidentalis) N. D. Bent 1902 
7 ‘ Utah Wolf 1953 J. Species Parasitized by the Wood Duck 
Coot (Fulica americana) Iowa _ Low 1941 Wood Duck (Aiz sponsa) ? Sampson 1901 
. Man. Weller 1955 . * ? Barrow 1912:89 
Mallard (Anas platyrhynchos) Idaho Bizeau 1951, Stee] 1952 “ . lowa Leopold 1951 
aj Utah Wingtield 1951 “ + Mass. Meuwaughlin & Grice 1952 
Canvasback (Aythya valisneria) N.D. Bent 1902, Job 1902:204 
’ ? Macoun & Macoun 1909 K. Species Parasitized by the Gadwall 
a Man. Hochbaum 1944 Gadwall (Anas strepera) N. D. Hammond 1941 
aj Ore. Erickson 1948a Redhead (Aytnya americana) Utah Williams & Nelson 1943 
Redhead (Aytaya americuna) N. D. Job 1898, 1899, 1902:196 . Utah Wingneld 1951 
ad Calif. Bryant 1914 
. Mont. Weydermeyer 1933 L. Species Parasitized by the American Eider 
. Iowa Bennett 1938b Herring Gull (Larus argentatus) Maine Gross 1938 
= Utah Williams & Nelson 1943 . . ? Barker 1938 
. lowa Low 1941, 1945 American Eider (Somateria 
+ Ore. Erickson 1948a mollissima) Maine Gross 1938 
Ruddy Duck (Oryura jamaicensis) ? Bent 1925:155 
a * Mont. Weydermeyer 1931 M. Species Parasitized by the Canada Goose 
. ° lowa Low 1941 Osprey (Pandion haliaetus) Alberta Fannin 1894 
. Calif. Miller & Collins 1954 Canada Goose (Branta canadensis) Idaho Jensen in Litt. 
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TABLE 1 (Cont.) 
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N. Species Parasitized by the Greater Scaup 
Greater Scaup (Aythya marila) ? 
G. Scaup and Old Squaw (Clangula 


Bent 1923 


hyemalis) (joint nesting) ? Phillips 1925 
0. Species Parasitized by the White-winged Scoter 
Widgeon (Mareca americana) N. D. Job 1898, 1899, 1902:201 
Gadwall (Anas strepera) N. D. Job 1898, 1899, 1902:201 
L. Seaup (Aythya affinis) N. D. Job 1898, 1899, 1902:201 
P. Species Parasitized by the American Goldeneye 
Pintail (Anas acuta) Man. Arnold 1894 
Goldeneye (Bucephala clangula) Maine Brewster 1900 
Q. Species Parasitized by the Hooded Merganser 
Goldeneye (Bucephala clangula) Maine Brewster 1900 
Wood Duck (Aiz sponsa) ? Peck 1911 
R. Species Parasitized by the Barrows Goldeneye 
Barrow’s Goldeneye (Bucephala 
islandica) Iceland Phillips 1923 
S. Species Parasitized by the Bufflehead 
Bufflehead (Bucephala albeola) Phillips 1923 
T. Species Parasitized by the Red-breasted Merganser 
Domestic fowl Wis. Strong 1912 
U. Species Parasitized by the Blue-winged Teal 


Pintail (Anas acuta) N.D. Henry 1940 


The most extensive data on parasitism among 
waterfowl have been obtained during productivity 
and life history studies designed to find facts useful 
to management and conservation of waterfowl. Wil- 
liams & Nelson (1943), in their comprehensive in- 
vestigation of the Redhead in Utah, found large 
clutches, which they called “community nests” (intra- 
specific laying) and “parasitism” (interspecific lay- 
ing), common. From their observations prior to 


1943, they state: 





“Community nesting is regarded as the most 
important single cause limiting the production 
of Redhead ducks in Utah. Should comparable 
circumstances be found on other major breed- 
ing grounds, the riddle to the Redhead duck 
depletion would likely be answered. Com- 
munity nesting is not only responsible for 
much of the desertion losses and losses of eggs 
pushed out of nests, ... but also for the ma- 
jority of unhatched eggs to be found in large 
sized clutches (compound nests) and in para- 
sitized nests including both those of Redheads 
containing eggs of other ducks and of Mallards, 
Cinnamon Teal, ete., containing Redhead eggs. 
In both instances, the parasitism very likely 
originated with the Redhead rather than the 
other species, the latter retaining incubation of 
the nest in most instances.” 


In some areas of Utah, these workers found 30% 
of the nests of other species of ducks parasitized by 
Redheads, while the average figure was 6% for over 
5,000 nests observed. This is the rate of interspecific 


339 


parasitism and does not include intraspecifie para- 
sitism. 

Hochbaum (1944:48-49) found that Redheads, 
Ruddy Ducks, and occasionally Lesser Seaups dropped 
eges in the nests of Canvasbacks. Redheads did so 
most commonly: 22 of 38 Canvasback nests contained 
He stated that: 


an average of 6 Redhead eggs. 
“the number of Redhead hatching from mixed 
clutches depends on the number intruded _ be- 
fore incubation begins. Eggs laid after the 
clutch of the has been completed re- 
main, in various stages of incubation, when 


owner 


the brood leaves.” 
Most parasitically dropped eggs were fertile. 

Hochbaum (1944:91) was able to observe a female 
Redhead resting near a Canvasback’s nest “. until 
the owner departed” and once saw a battle between 
Redhead and Canvasback when the host returned 
unexpectedly. McKinney (1954) saw and_photo- 
graphed a Redhead female laying an,egg in a Can- 
vasback’s nest while the latter was incubating.  Al- 
though the Canvasback pecked the Redhead, the Red- 
head remained about four minutes until she had laid. 

Low (1945), in his excellent study of the Redhead 
in Iowa, found parasitism very common and an im- 
portant cause of nest failure. Most nest desertions 
were caused by fluctuating water levels but he stated: 


“Another factor responsible for unsuccessful 
nests was the intolerance of the nesting female 
toward other females or disturbance from ducks 
other than the rightful owners laying in the 
nests. The compound clutches, which usually 
occur early in the season, represented the lay- 
ing, in addition to the rightful owner, of one 
or more females, probably before their nests 
were constructed or following an earlier nest 
failure.” 


The most thorough study of parasitism by the Red- 
head was made by Erickson (1948a, 1948b) during 
his study of the Canvasback in the Malheur Refuge 
in Oregon. Of 74 Canvasback nests observed, 59 
(80%) contained Redhead eggs and these made up 
more than half of all eggs found in the nests. One 
Canvasback nest contained 48 Redhead eggs in addi- 
tion to 10 Canvasback eggs. He found that many 
of these Redhead eggs hatched and the young were 
commonly reared in Canvasback broods. 

In regard to the chronology of parasitism, Erick- 
son found that, while the very earliest nests avoided 
extreme parasitism, early nests in general were more 
susceptible to parasitism than later ones. During 
three different years he found that the number of 
Canvasback nests parasitized remained the same but 
that the number of eggs per nest varied. 

Further valuable contributions to the knowledge 
of parasitism were made through the efforts of Wing- 
field (1951) in the Knudson Marsh in Utah. In this. 
small area of high nesting populations, he found 
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much inter- and intraspecific parasitism—especially 
by the Redhead. Parasitism occurred in 69% of the 
nests of all species observed and was responsible for 
the majority of nest and egg losses. Because of the 
nature of Knudson Marsh, Redheads nested close to 
Mallards and Cinnamon Teal. Wingfield found that 
71% of the Mallard nests and 79% of the Cinnamon 
Teal were parasitized by Redheads. The degree of 
intraspecific parasitism could not be determined but 
26 of 151 Redhead nests contained more than 18 eggs. 
The maximum was 50. A few records of parasitism by 
Mallards, Cinnamon Teal, and Ruddy Ducks were 
also noted. Perhaps his most important contribution 
was data showing that the peak in the number of 
nests deserted because of parasitism by Redheads pre- 
ceded the peak of Redhead nest initiation. 

Spencer (1953), in a study of the Cinnamon Teal 
in Utah, reported that 25% of observed teal nests 
were parasitized. He noted that teal often attempt to 
bury Redhead eggs as songbirds do cowbird eggs 
(Arnott 1890, Allen 1925: 206). 

Foreign Species. Perhaps Hans Christian Ander- 
sen should be given credit for an early record (which 
was probably based on an authentic case) of this 
“careless” laying by waterfowl in his well-known tale, 
“The Ugly Duckling.” Leverkuhn (1891), in his 
compilation of European records of nests containing 
the eggs of more than one species, reported eggs of 
the Shelduck (Zadorna tadorna), Shoveler, Mallard, 
Gadwall, White-eyed Pochard (Aythya nyroca), and 
Common Seaup (Aythya marila), in the nests of other 
water birds. Bent (1923, 1925) reported large 
clutches of Shelduck, Tufted Duck (Aythya fuligula), 
and Common Pochard (Aythya ferina) eggs which 
were probably the result of the laying of several hens. 
Bezzel (1955) noted intraspecific parasitism among 
Common Pochards. Durango (1940) and Koskimies 
& Routamo (1953) reported parasitism by the Red- 
breasted Merganser on the Velvet Scoter (Melanitta 
fusca) and Durango said that the Sheldrake, Eider, 
and Scoter commonly laid in other duck nests. Voohus 
(1947) noted parasitism of Mallard and Common 
Seaup nests by the Red-crested Pochard (Netta ru- 
fina) ; these eggs usually failed to hatch because they 
were laid after incubation had started. Phillips 
(1926:109-110) also reported large clutches of this 
species which probably represented intraspecific para- 
sitism. Jourdain (1925) noted the general common- 
ness of this behavior among European ducks. 

Gudmundsson (1932) reported compound nests 
common in European Eiders (Somateria mollissima). 
He suggested that such nests occurred when an old 
female discovered that a yearling had taken her nest 
site of the previous year. The old bird laid anyway, 
both hens incubating the nest, alternately or simul- 
taneously.. Further records of this behavior in Euro- 
pean ducks were given by Makatsch (1955:10). 

Serventy & Whittel (1951) reported that large 
clutches of duck eggs were often found in Australia. 
This was common in the Blue-billed Duck (Oxyura 
jamaicensis australis), a species which also uses old 
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nests in which to lay rather than constructing its own 
nest. The use of old nests also has been reported in 
the Mediterranean White-headed Duck (Oxyura leu- 
cocephala) (Phillips 1926:156), the North American 
Ruddy Duck (Bent 1925:154, Weydermeyer 1931), 
the Pink-eared Duck (Malacorhynchus membrana- 
ceus), occasionally other ducks, and in many other 
groups of birds (Roberts 1955). 

In New Zealand, Cunningham & Welch (1955) re- 
corded eggs of the Grey Duck (Anas s. superciliosa) 
in a nest of the Grey Teal (Anas gibberifrons). 

Thus, it appears that semiparasitism or “dump” 
nesting is limited neither to certain groups of water- 
fowl nor to certain geographic areas. 


RESULTS OF OBSERVATIONS ON 
DELTA AND KNUDSON MARSHES 


BEHAVIOR OF THE PARASITIZING FEMALE 


During an investigation of the Redhead in the 
Delta Marsh during 1952, severe inter- and intraspe- 
cific parasitism by the Redhead was noted. This 
parasitism not only appeared to be of great impor- 
tance to nest influenced many other 
phases of the breeding cycle of the species. For this 
reason, the results are summarized to emphasize the 
influences of parasitic behavior on the life eycle of 
the Redhead. The results of parasitism on the host 
are considered secondarily. 

Locating the host’s nest and laying. The Redhead 
apparently discovers the nests it parasitizes by search- 
ing in nesting cover and, like the European Cuckoo 
(Chance 1921, 1922) and the North American Cow- 
bird (Friedmann 1929a:187, Hann 1941), by observ- 
ing the nest building and egg laying activities of the 
host. 

On numerous occasions in the Delta Marsh, Red- 
head pairs were observed swimming along the edge 
of nesting cover; the female entered the vegetation 
and remained out of sight for a minute or two while 
the male remained at, or just inside, the edge of the 
nesting cover. On other occasions, Redhead pairs 
were observed swimming in openings in dense vege- 
tation used only for nesting. Little feeding was seen 
as preferred foods were in larger water areas; they 
seemed to be searching. It could not be determined 
whether these birds later nested in the same area and 
were thus searching for their own nest sites. If so, 
such searching preceded nest initiation by a month or 
more and hens must have discovered other nests in 
this process. 

In the Knudson Marsh, lone females were ob- 
served walking on land and climbing over vegetation 
several feet high—apparently searching for nests. 

That females watch the activities of other females 
was noted in the Knudson Marsh. While the in- 
vestigator was watching a Redhead nest from a blind, 
a lone female Redhead climbed over vegetation several 
feet in height and then disappeared. Another female 
then entered the nest and departed immediately. The 
first female met her mate and both observed intently 
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the activities of the second female for a few moments; 
then all left the area. It was not known whether 
these females had parasitized the nest earlier, or even 
if one of them was the host, but their extensive search- 
ing of the area indicated no previous knowledge of 
the nest. The interest of the pair in another female 
suggests that parasitic hens may find nests by, watch- 
ing activities of other hens. 

Another observation made in the Delta Marsh in- 
dicated that the parasite either knew the site of a 
Canvasback nest containing Redhead eggs or that she 
saw the hen near the nest as she flew over. While 
the investigator was in a blind near this nest, a pair 
of Redheads flew by and landed, without hesitation, 
in a small water opening 50 ft away. After preen- 
ing and loafing there for 50 minutes, the female left 
the male in the pool and swam directly to the Canvas- 
back nest. 

A preliminary examination of the nest prior to 
laying is probably customary. This was apparent in 
parasitizing females trapped on the nest with an auto- 
matic trap (Weller 1957b) ; the egg could be felt in 
the oviduct of all those birds which had not yet laid. 
These eggs were not retained because of physiological 
stress of the capture; one trapped hen had an egg in 
the oviduct which still lacked the final shell coating. 
It is assumed that this female was trapped while 
examining the nest prior to laying. Several other hens 
had been captured in this trap on preceding days, 
and apparently this female either had been unable to 
enter the trap earlier or first discovered the nest when 
captured. In either case, a preliminary investigation 
of the nest preceded the final laying. 

Once, while I was observing a Mallard nest, a Red- 
head visited for a few seconds. About 45 minutes 
later a Redhead hen returned to the and re- 
mained for 4 minutes, but she was accidentally dis- 
turbed and did not lay an cgg. Although there were 
no distinctive markings on this hen, it appeared that 
these were two visits by the same female. It is not 
known whether the preliminary visit actually stimu- 
lates ege laying (as has been suggested in cuckoos 
and cowbirds) or is merely a preparatory move 
brought about by the presence of an egg in the ovi- 
duct. 

To test the influence of empty nests and unat- 
tended nests with eggs in inducing ovulation by Red- 
heads, I placed 30 artificial nests in natural vegetation 
in both the Delta and Knudson Marshes. No eggs 
were laid in any of these. One Ruddy Duck was cap- 
tured in a nest basket-trap and palpation of the lower 
abdomen indicated that she held an egg in her oviduct. 
The very slight use of these nests again suggests that 
the activity of the host female is important in in- 
creasing the parasite’s chances of finding the nest. 

Although Hudson (1920, 1:74-75), Nice (1937), 
and Berger (1951) found that cowbirds laid in nests 
which did not contain eggs, this has not been reported 
for waterfowl. Only one uncertain case was found 
among ducks in the present study. A Mallard was 
flushed from a serape containing a few of her feathers 
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and 3 unincubated eggs—2 of the Redhead and 1 of 
the Ruddy Duck. The nest was deserted and no other 
eggs were added. It appeared that both parasites had 
discovered the hen while she was making her nest 
scrap and deposited her eggs before the the host laid. 
However, the presence of avian predators prohibits 
conclus‘ons based on this one unusual nest. 

The host is not the only stimulus to laying; eggs, 
regardless of color, size, or shape, are also important. 
Ducks will lay in the nests of bitterns and rails if 
eggs are present (Figures 1, 2 & 3) and Hamilton 
(1957) reported the eggs of a North American Cow- 
bird in a Blue-winged Teal’s nest. 

As indicated by McKinney’s (1954) observation 
and observations made in this study, the Redhead is 
very bold when laying and may attempt to lay in spite 
of the presence of the host female. 

Parasitic laying was observed on three occasions 
during the present study. In the first, a hen took 4 


minutes to lay in an unattended Canvasback nest. In 
the second case, a hen was accidentally frightened by 





Fig. 1. 
Manitoba. 


Ruddy duck’s egg in a coot’s nest at Delta, 





Kedhead egg in the nest of a sora rail at 


I'Ig. 2. 


Brooks, Alberta. Photo by L. Keith. 
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Fig. 3. 


Redhead egg in the nest of an American 
bittern at Delta, Manitoba. 


the investigator, and in the third, a hen attempted 
laying with the host Canvasback present. 

During laying, the parasitic hen often performs 
movements which occur in normal nesting. Two fe- 
males which laid in unattended nests poked the eggs 
vigorously with their bills and changed their position 
on the nest—all in a hurried fashion. Even with the 
host present, McKinney (in litt.) photographed this 
poking by the parasitic hen. However, females were 
never observed to add nest material and no down of 
the Redhead was ever found in a parasitized nest. 

During laying, the male usually accompanied the 
female. In two of three cases observed, the male 
awaited the female within 50 yards of the nest. An- 
other male waited for a hen ten minutes after she 
had gone into nesting vegetation, presumably to para- 
sitize a nest. Of 42 females trapped parasitizing 
nests, lone males were observed nearby on only five 
While waiting, the male periodically called 





occasions. 
“meow” or “mer-ow.” <A female occasionally was 
heard to utter a low “kuk-kuk-kuk” when at a nest 


but none of the parasitic hens observed was heard to 
call after leaving the nest. Other females, suspected 
of laying, were heard to eall loudly “kurr-r-r-r” or 
“kurr-r-k” as they flew from nesting cover. This call 
attracted any lone males in the area and, presumably, 
their mate. 

After laying, the hen bathed and preened. Be- 
cause the female has no nest duties and is undoubtedly 
male with her 


sexually receptive, she maintains a 
throughout the parasitizing period and until the last 
days of egg laying or when she begins to incubate. 
Erickson (1948a) believed that males remained with 
parasitizing females as long as two months. Assum- 
ing a monogamous relationship, it appears that some 
males may remain with their females as long as three 
months beeause pairing occurs as early as March and 
nesting may not occur until June. 

The more highly specialized parasites like the 
cuckoo and cowbird have apparently developed laying 
periods which permit them to avoid their host. Thus 
the North American Cowbird lays in the morning, pre- 
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ceding the laying period of the host (Hann 1941), 
while the European Cuckoo lays in the afternoon, 
following the host’s laying (Chance & Hann 1942). 
In the Redhead, parasitic attempts were observed at 
8:55 A.M., 9:25 A.M., and 10:00 A.M. Of 35 hens 
trapped while parasitizing nests, 28 were captured 
sometime between daylight and noon. The other 7 
were trapped during the following time periods: 


Between 3:30 P.M. and 6:00 P.M. 
2a | O” “i 6:00 ” 
12:45 ” Ga 
3330 ” " “6300” 
ao |” e 72000” 
7:330A.M. ” 11:30 A.M. 


730 P.M. 


“I 


11:30 A.M. ” 


Thus Redheads seem to lay at all hours of the day 
although most authors agree that laying in other 
species occurs during the morning (Bennett 1938a: 
47, Hochbaum 1944:49, Sowls 1955:95). However 
Erickson (1948a) reported that Canvasbacks laid at 
all hours of the day. Unfortunately, too little is 
known of laying periods in ducks to determine 
whether the pattern in Redheads is significantly dif- 
ferent from other species. 

Data from trapped parasitizing females indicate 
that when the egg is fully formed, there is little con- 


trol over time of laying. Trapped females had either 


already laid, or still held an egg in the oviduct. One 
female kept in a trap two hours did not lay. An- 


other laid between 40 and 60 minutes after capture, 
while a third laid in the investigator’s lap 5 minutes 
after capture. In the latter case the egg was extruded 
in about one minute with 6-7 pulsations of the oviduct. 
Thus it appeared that trapped females were on a 
preliminary visit and would have returned to lay 
later or were ready to lay when entering the trap and 
did so immediately. 

On three occasions, when birds were in nest traps, 
single eggs were found outside. Presumably, the sec- 
ond hen could not wait to lay and either lacked a 
knowledge of nearby nests or could not alter her lay- 
ing pattern in the new situation. 

Number of eggs laid per female. In an attempt to 
determine the number of eggs which a Redhead female 
deposits parasitically, pellets of methylene blue dye 
were implanted intraperitoneally in a hen captured in 
the act of parasitizing a nest. Tests in captive birds 
showed that this dye would change the color of the 
egg volk from yellow-orange to lime green and that 
this could be recognized when the egg was examined 
with a field -eandler (Weller 1956). Unfortunately, 
only one female could be so marked in a given area 
at one time. The first bird captured in the Knudson 
Marsh in 1955 was marked in this way but none of her 
eggs was found during the nesting period. 

Another approach was to calculate the average 
number of eggs laid parasitically by all the females 
using the Knudson Marsh. The marsh was small and 
isolated and the vegetation sparse so that a high per- 


centage of nests was found. A count of 936 para- 
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sitically-laid Redhead eggs was made in all nests in 
the marsh. By ground and aerial counts, 90-95 fe- 
males were estimated to be frequenting the marsh. 
It is assumed that about 5 of these females did not 
lay parasitically (as explained below) so that about 
85-90 females laid a minimum of 936 eggs for an 
average of 10.8 eggs per hen. This figure approxi- 
mates that which might be expected of the first clutch 
of a Redhead. 

A second line of evidence as to the number of eggs 
laid per female was obtained in the Knudson Marsh 
by the discovery of eggs with an unusual shell struc- 
ture and a mottled appearance. These eggs were 
found in 15 nests of the Redhead, Mallard, and Cin- 
namon Teal in various parts of the Knudson Marsh. 
In all, 20 were found—seemingly a large number for 
one female to lay. On June 10th, a female was col- 
lected from one of the traps; the freshly laid egg in 
the nest was of the mottled type. However, following 
this, fresh eggs with this unusual shell formation were 
still found in nests in the marsh. On June 25th, a 
nest of 7 fresh eggs of the same mottled pattern was 
found. Obviously, there had been at least two females 
in the marsh which laid this type of egg. If there 
were no others, the two females laid a minimum of 
20 eggs or an average of 10 eggs each, a figure very 
similar to that derived from the total number of 
parasitic eggs counted in the marsh. 

Judging from egg color, size, and shape, at least 4 
and possibly 5 or 6 eggs may be deposited in one nest 
by an individual female. The facts that no more than 
3 of the mottled eggs were found in any one nest and 
that nests containing them were widely separated in 
the marsh suggest atypical behavior due to the dis- 
turbance of the investigator. But it seems likely that 
a small number of eggs per nest is usual and results 
from the hesitaney of the parasite to face the defen- 
sive actions of the host. In passerines, aggressive- 
ness of the host is so great that it may limit the 
number of eggs laid per nest and may cause the 
parasite to deposit her eggs at the time when the host 
is at her nest very little—the egg laying period. Thus 
the aggressiveness of the host may be important to 
survival of parasitie eggs. 

Number of females parasitizing one nest. In view 
of the fact that Redhead nests have been found which 
contained 30 eggs (present study), 39 (Williams & 
Marshall 1938), 50 (Wingfield 1951), 74 (Gallop in 
litt., Figure 4), or even 87 eggs (Nelson 1943), it 
would be of great interest to learn how many females 
lay in one nest. Some measure of this was obtained 
through the records of the number of females cap- 
tured per nest. In the ten effective trap sites the 
following numbers of females were taken: 1, 1, 1, 2, 
3, 3, 4, 6, 8, and 13! If as many as thirteen hens 
lay in one nest, it is not difficult to see how huge 
dump nests are formed. Redheads continued to lay 
in deserted nests, both those with and without traps, 
but they did not lay in nests after eggs were broken 
and foul smelling. What determines the suitability 
of nests for laying is uncertain, but there seemed a 
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tendency for parasitic females to lay in active nests— 
an important factor in egg survival. 





Fic. 4. A 


Redhead ‘‘dump’’ nest at Whitewater 
Lake, Manitoba, containing 74 redhead eggs and one egg 


of the black tern. Photo by B. Gallop. 

The relation of laying to the host’s incubation. 
That parasitism is poorly developed in the Redhead 
is further shown by the fact that Redheads common- 
ly lay in nests after the host has started incubation; 
thus the eggs are destined to be left in the nest after 
the host’s eggs hatch. The following tabulation shows 
the percent of parasitic Redhead eggs laid prior to 
the time the host started incubation, as determined by 
the field candler: 


Number % Laid 
of After 


Parasitic Incubation 
Eggs Started 

Host Area 
Cinnamon teal Knudson 107 77 
Mallard Knudson 358 61 
Canvasback Delta, 1952 4] 44 

“i i 1953 110 50 

44 ‘se 1954 132 50 


It is apparent that less than one-half the eggs laid 
have any chance of survival because they will be ineu- 
bated for fewer days than necessary. There is no evi- 
dence that the incubation period of the Redhead is 
any shorter than that of its close relative, the Canvas- 
back. A few incubated parasitic eggs may hatch 
from the heat of the sun after the host leaves with 
her brood but no records of this were obtained in the 
present study or by Hochbaum (1944:91). 
Yolk eating by trapped females. One 
trapped in the Knudson Marsh in 1955 had yolk on 
her bill and the shell of a broken egg was found in the 
nest. It was apparent that the female had eaten the 
yolk and part of the shell—probably after having 
broken it accidentally. Yolk was detected on the 
mandibles of 6 of 42 hens trapped. Very probably 
this behavior was due to the abnormal conditions of 
confinement in the trap; at least no evidence of egg 
eating by Redheads was found in other nests. Dur- 
ing the present study, it was found that ineubating 


female 
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Redhead females would eat egg rema‘ns during the 
hatching period (Figure 5) and Poulsen (1953) and 
Tinb:rgen (1953:157) have shown that gulls will eat 


their own eggs if they are accidentally broken. Such 


action presumebly rids the nest of debris which might 
attract predators or mat the plumage of ducklings. 





Fic. 5. Redhead hen eating the shell of a newly- 


hatehed duckling. 


Because egg breakage is most likely to occur during 
battles between the host and a parasitizing hen, the 
normal reaction of the parasite (or the host) would 
be to eat an egg broken in this way. It is conceivable 
that this has survival value to the parasitic eggs and 
may represent a way in which the egg-eating habit 
could have evolved in parasitic birds. 

Age of the parasitizing female. Gudmundsson 
(1932) suggested that parasitism in European Eiders 
occurred when an old female returned to her previous 
year’s nest site and found it occupied by a young hen. 
In such a case, he thought that the old female laid in 
the nest anyway and both females ineubated the same 
eggs. Conversely, it may be that yearling birds, with- 
out nesting experience, are the principal parasites. 
It is known that young Wood Ducks (J. P. Rogers 
in litt.) and Ring-necked Pheasants (Westerskov 
1955) nest later in the season than do adults. Com- 
pound nests, prevalent in both species early in the 
nesting season, may result mainly from these yearling 
birds. 

Unfortunately, yearling female Redheads cannot 
be distinguished from adults with any degree of ac- 
curacy (Weller 1957a). Among the 42 hens captured 
parasitizing nests, 14 were believed to be adult, 26 
yearlings, and 6 of unknown age. While some of 
these determinations are subject to question, the evi- 
dence indicates that both age classes were represented. 
Parasitism may still be more prevalent among year- 
lings. 
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Because such a high percentage of the Redhead 
population is parasitic (see below), late nesters are 
assumed to have been parasitic earlier in the season. 
Two such late nesting females in the Delta Marsh 
were found to be banded birds of known age; both 
were yearlings released from the hatchery the previous 
year which had migrated and returned to nest within 
200 yds of the point where they were reared. 

Physical condition of the parasitic female. As a 
measure of physical condition, females were weighed 
when captured. Weights showed a general downward 
trend throughout the laying period (Weller 1957a). 
One female, recaptured 5 days after she was first 
trapped, had lost 6 ounces. 

Hens were examined for a brood patch to deter- 
mine whether they had previously nested or were nest- 
ing while they were parasitizing. The fact that none 
of the 42 females captured had a brood patch shows 
that these birds had not nested prior to their period of 
parasitism. 

PARASITISM AND THE NORMAL NESTING OF THE REDHEAD 

Chronology of parasitism in relation to nesting. 
Most authors have assumed that parasitic females 
nested in a normal manner either before or after their 
period of parasitism. To examine this assumption, a 
comparison of the nesting cycles of the Redhead and 
more normal species like the Canvasback, Mallard, 
and Cinnamon Teal was made. Figures 6 and 7 show 
the chronology of nest initiation for these species 
during several years. They demonstrate several fea- 
tures of the Redhead nesting cycle which have been 
cited as unusual by numerous authors. First, the 
Redhead nests much later than the others. Second, 
there is no well-defined peak of nesting but a low, 
broad curve instead. The duration of nesting is equal 
to, if not longer than, that of the other species. Third- 
ly, there is no secondary peak due to renesting as is 
conspicuous in data for the Mallard and Cinnamon 
Teal or as is suggested by the data for the Canvas- 
back. Instead, there is a reverse situation: a small 
peak, a lapse, and then the main period of nesting. 
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Fig. 6. Chronology of nest initiation of redheads and 
canvasbacks in the Delta Marsh. 


The reasons for these irregularities are indicated 
when the average number of parasitic eggs laid per 
day are plotted on the curve of Redhead nest initia- 
tion (Figures 7 and 8). These data were derived by 
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tion in the Knudson Marsh. 


determining the stage of incubation of parasitic eggs 
with the field candler and back-dating to the time of 
laying. It can be seen that the peak of parasitic 
laying precedes the peak of nest initiation, strongly 
suggesting that parasitism precedes normal nesting. 
Further evidence is that none of the females captured 
while parasitizing nests had brood patches as would 
hens which had nested. Most conclusive, however, was 
the fact that two of the females trapped while parasi- 
tizing nests and marked by means of plastic neck-tags 
(similar to those developed by Taber 1949) later were 
found to have constructed nests and were incubating 
eggs of their own. Thus some parasitic females do 
nest and rear broods of their own. 
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nest initiation in Utah. 


Further study of the relation of nest initiation by 
Redheads to the chronology of parasitism in the 
Knudson Marsh shows that the earliest females to lay 
were not parasitic, having constructed a nest before 
parasitism was noted. Only 4 nests, or 6% of the 
total observed in Utah, were attributed to these early 
nesting, and presumably nonparasitic, females. A 
similar pattern was apparent in the Delta Marsh. 
These early-nesting Redheads built better nests and 
were more tolerant of parasitic and human intrusion 
than were the late nesters. Peter Ward (in litt.), 
who has hunted Redhead nests in the Delta Marsh for 
many years, noted that early nesting Redheads were 


Parasitic Ege LAYING IN THE REDHEAD 


345 


found in all years and that they built excellent nests 
with an abundance of down. One interesting record 
of this type of nest was noted in 1955 in the Knudson 
Marsh. Beeause of the low water level, Redheads 
made trails across mud flats to get to their nests. The 
path of one early nesting female was within 3 ft and 
in full view of an unparasitized Mallard nest. The 
Mallard nest had been initiated first, yet the Redhead 
walked past it daily to lay but did not parasitize. 

It is also apparent from Figure 8 that parasitism 
did not cease at the peak of Redhead nest initiation. 
Hither some Redhead females were completely para- 
sitic (did not nest), or parasitized and nested simul- 
taneously. The latter seems unlikely because the onset 
of broodiness is known to inhibit laying in doves and 
most other birds (Bates, Riddle & Lahr 1937). More- 
over, all captured parasitic hens lacked brood patches. 

During the three years of the study in the Delta 
Marsh, Redhead females were commonly observed 
loafing with groups of males late in the nesting season 
after the peak of Redhead nest initiation had passed. 
Had these females failed in nesting and not renested, 
or had they not attempted to nest? The answer is 
apparent in the comparison of estimated breeding 
populations and the number of nests found in the 
Knudson Marsh in 1955: 


Estimated Number of 


Population Nests Found 
Redhead 90-95 pairs 46 
Mallard 125 Pa lis 
Cinnamon Teal 60 ig 56 


* Includes many renestings; see Figure 7. 


Thus, only one-half of the Redhead females ap- 
pear to have attempted nesting. There is little ques- 
tion about the accuracy of the Redhead population 
estimate: several counts were made from the ground, 
and one from the air. Forty-two hens were trapped 
and marked and an additional 25 unmarked females 
were flushed from The percentage of nests 
found was high, because nesting-cover acceptable to 
Redheads was limited and could be covered thorough- 
ly. Moreover, the conspicuous light down of the Red- 
head made nests of this species easy to see. Even if 
one-third of the nests were overlooked, the data would 
indicate that one-fourth of the population did not at- 
tempt to nest. 

In the Knudson Marsh, 10-15 Redhead females 
accompanied by males were often the 
later part of the nesting season when most hens were 
incubating. Some of these hens were paired but there 
was no longer any intense courtship and the males 
Among 


nests. 


observed in 


were already acquiring their eclipse plumage. 
the group were two females which had previously 
been marked when parasitizing nests. Similar groups 
were observed at Delta and in other areas: numerous 
females were seen early in July among post-breeding 
flocks of 250-400 Redheads at Ogden Bay Refuge in 
Utah and at Lake Winnipegosis, 100 imi north of the 
Delta Marsh. It is very unlikely that such females 
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would nest after joining large flocks late in the breed- 
ing season, 

All the evidence indicates that a sizable cohort of 
the Redhead population does not nest but is strictly 
parasitic. It is probably these birds that parasitize 
throughout the breeding season, and contribute the 
greatest numbers of parasitic eggs. The semipara- 
sitic birds, which later nest, probably lay fewer eggs 
parasitically. In the latter group, there may be all 
degrees of parasitism preceding nesting, thus account- 
ing for the broad and late peak of nest initiation for 
which this species is well known. 

Thus within one species, birds appear to be of 
three types with respect to nesting behavior: normal 
nesters, semiparasites, and complete or obligate para- 
sites. 

Nests and nest sites. A shy bird in nesting, the 
Redhead usually selects a nest site in dense cover. 
Odin (1957) found that even parasitizing females 
laid mainly in nests which were well concealed. 

The use of old nests for rearing young has been 
considered by some workers as a stage in the develop- 
ment of parasitism. Several cases of this have been 
cited among the Oxyurini. Two examples of this 
were noted in the Redhead during the present study. 
In one case, » Redhead used an old nest in which a 
Mallard had just hatched her young. In the other 
case, a Redhead hen was found beginning incubation 
in a teal test. Original ownership of the nest was in- 
dicated by teal down and a teal egg in the 12th day of 
incubation. Thus, nest parasitism and egg parasitism 
occur in the same species. 

Nest construction may begin simultaneously with 
laying, or presumably a day or two before, as noted 
in the Canvasback by Hochbaum (1944:47). In 
dabbling ducks, the nest building is likewise closely 
attuned to laying and the eggs may be laid in a scrape 
in the ground and nest material added later (Hoch- 
baum 1944:88, 1955 :93). Hochbaum also 
found dropped eggs of dabbling ducks in vegetation 
during the period of early nest building. No dropped 
Redhead eggs were found in the present study but 
Low (1945) found a few on muskrat houses. 

It is of interest that semiparasitic Redhead hens 
have good abilities in nest-construction. In fact, their 
nests are second in quality only to those of the Ruddy 
Duck, a species also well known for its parasitic 
habits! 

The addition of down to the nest occurs during the 
later stages of laying. Of special interest is the fact 
that both the Redhead and the Ruddy have nearly 
pure white down. Because white down is conspicuous 
and may contribute to increased predation rates, its 
presence in any species which nests in the open seems 


Sowls 


unusual. 

Clutch One of the most difficult problems 
in the study of semiparasitie species having a para- 
sitie cohort is the determination of the true clutch 
size in view of severe intraspecific parasitism. This 
is apparent in the average clutch figures presented by 
various writers (Table 2). Special care was taken in 


size. 
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TABLE 2. Average clutch of the Redhead as reported 
in the literature. 











Aver. 

Authority Area | No. Nests} Clutch 

Size 

Bennett, 1938b. . ...| Iowa | 21 8.9 
Bizeau, 1951, Steel, 1952.) Idaho 75 O41 
Furniss, 1938..... | Sask. 3 9.3 
Low, 1945..... assis 115 9.8 
Williams & Nelson, 1943 | Utah | 918 10.5 
Erickson, 1948a.........| Ore. | 70 11.4 
Wingfield, 1951..... ...| Utah 151 13.5 
Miller & Collins, 1954...| Calif. | 27 13.8 
Se eee | 1380 |Av.10.8 


TABLE 3. Size of unparasitized clutches observed in 
the present study. 





Delta, 1953, 1954 6, 6, 8, 8, 9 Aver. 7.4 
Knudson, 1955 5, 6,6, 7, 7,7, 7,8, 8,9,9,9  Aver.7.3 
the present study to evaluate each clutch found. The 


best data were obtained from clutches of late nesters 
after parasitism was no longer intense. Parasitic 
eggs were distinguished by differences in stage of in- 
cubation, size, color, and shape. Their presence was 
often indicated by a nest containing broken eggs or 
eggs outside the nest. The data in Table 3 represent, 
as nearly as possible, normal unparasitized clutches. 
It is probably these small clutches that have been 
considered renests by other workers. That late nests 
may be first clutches of semi-parasitic hens is shown 
by the clutches of 6 and 7 eggs laid by two females 
trapped earlier while parasitizing. The clutch size of 
early nesting hens could not be determined but pre- 
sumably would be larger. 

Renesting is unlikely in the Redhead because the 
peak of nesting does not come until June and a re- 
nesting peak would not be anticipated until July. 
No nests were found to have been established after 
June. Nine incubating females were trapped and 
marked but none was seen again. It is possible that 
the few early-nesting non-parasitic females renest. 

Behavior during incubation. Behavior during nest 
maintenance and incubation in the Mallard and other 
dabbling ducks has been studied by McKinney (1951- 
52, 1953) and Sowls (1955 :94-95) and in the Canada 
Goose by Balham (1955). MeKinney also made ob- 
servation on the Canvasback. To learn whether the 
incubation behavior of the “semiparasite” differed 
from that of “normal” species such as the Mallard 
and Canvasback, five Redhead nests were observed in- 
tensively at various stages of incubation. Early nest 
building and egg laying could not be watched because 
of the Redhead’s weak attachment to the nest at that 
time. Unlike other species, these hens frequently de- 
serted nests due to the presence of a blind at any 
stage of incubation. The best observations were made 
on two hand-reared females which returned to the 
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Delta Marsh after having been released in the wild 
the previous summer. They were apparently more 
tolerant of human intrusion. The 
scribed by McKinney were all observed and are de- 


movements de- 
scribed briefly below, using his terminology. 

When a hen arrives to incubate, she frequently 
climbs directly on the eggs but sometimes first preens 
at the edge of the nest. This may be a displacement 
activity (Armstrong 1947:106) resulting from a con- 
flict of the drives to incubate and to flee from the 
blind. The breast and lower abdomen are preened by 
side to side movement of the bill and occasionally by 
nibbling; no plucking of breast feathers was observed. 
Before taking her position on the eggs, the hen stands 
over them and pokes them with her bill (Figure 9a), 
causing rotation of the eggs. Then she places her 
belly on the eggs and settles into position by pushing 
alternately with her feet (Figure 9b). 
serves to flatten the eggs into position as well as turn 
them. McKinney believes this flattening is also due 
to paddling—a quick movement of the feet detected 
Paddling 
probably also serves to insert the ruffled breast feath- 


This movement 


only by a side-to-side rolling of the body. 


ers around the eggs. The hen then turns to a new 
position, sometimes a quarter-turn, sometimes a full- 
turn. She then repeats the sequence of poke, settle, 
paddle, and turn. Once established, she may pull in 
nest material from the base of the nest or from above 
(Figure 9¢) and place it at the edge of the nest near 
her breast, occasionally patting it toward her with the 
When the material 
not break, pulling results in the formation of a 


lower mandible. overhead does 
canopy. 

While watching a hen during a period of rising 
water level, I saw very intensive poking and pulling. 
Because the nest was in an unusual site under the 
canopy of trees, she had little vegetation close by 
and when all within reach that could be broken free 
had been used, she went to the edge of the nest and 
reached as far as possible for more material. Finally 
she left the nest and moved to vegetation 10 ft away. 





Fig, 9a. 
bation. 


Behavior of the redhead female during ineu- 
(a) Poking or rolling eggs under the body. 
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Fig. 9b. 
cubation. 


Sehavior of the redhead female during in- 
(b) Paddling feet. Band identifies female as 
yearling hand-reared bird. 





Fie. 9e. 


cubation. 


Behavior of the redhead female during in- 
(ce) Pulling nest material into the nest. 


Picking up stems, she tossed them backwards over 
one shoulder (Figure 9d). A hen Canvasback was 
also observed to make this same movement and it was 
reported in swans by Selous (1933:86). Selous noted 
that such material was never carried directly to the 
nest. Such tossing of material at various points 
around the nest, puts it in reach of later pulling from 
the edge of the nest. Pulling up and tossing may 
form an opening in the vegetation which serves as a 
path to open water. 
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Fig. 9d. 
eubation, 
the nest. 


Behavior of the redhead female during in- 
(d) Tossing nest material backwards toward 


Pulling at the edge of the nest builds up the base 
of that structure and pulling from within moves 
material to the top of the nest. Patting moves it 
close to the bird and, with the settling movement of 
the feet, shapes the edge of the nest bowl. Poking 
then results in a movement of nest material from the 
edge of the nest to the center of the bowl—thus in- 
creasing the height of the nest and eggs. Evidence 
that poking is a nest building as well as an egg turn- 
ing movement is provided by the observation that the 
poke movement may begin at a point where there are 
no eggs. 

The function of the poke movement was tested 
experimentally in a nest made of whitetop grass. Ma- 
terial at the edge of the nest was dyed bright green 
and the following day some of it was found worked 
into the nest bowl. The amount of grass moved de- 
pends on the amount of poking. Excessive dampness 
of the nest and eggs probably stimulates nest build- 
ing activity and results in a raising of the nest above 
the water level. 

The nature, sequence, and function of the incuba- 
tion and nest maintenance movements in the Redhead 
appear the same as in other species in which they 
have been carefully observed. 

Behavior of the hen during the periods of hatching 
and caring for young. At the time of hatching, one 
female was observed to carry the first egg shell away 
from the nest and out of sight. She then ate the sec- 
ond shell and its membranes (Figure 5) and part of a 
third. The remaining shells were left in the nest and 
crushed by the weight of the hen. Another female 
carried the shell of the first hatched egg only to the 
edge of the nest where she sank it in water. Parts 
of shells were eaten from eggs hatched subsequently 
but none was completely consumed. 

Nethersole—Thompson (1942) reported that few 
Anseres showed egg removal behavior. However, 
Hochbaum (1944:92) reported the carrying of shells 
by ducks and Sowls (1955:103-108) observed it sev- 
eral times and induced it by adding shells to active 
nests. He found this behavior associated with the 
cleaning of nests after partial predation. However, 
he found no such behavior during the hatching period. 
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The Redhead is a quiet bird during incubation but 
just prior to hatching, a low “kuk-kuk-kuk” is oe- 
casionally heard. This is possibly stimulated by the 
sound of the ducklings in the eggs or by their first 
movements under her. This call is important in im- 
printing the young to follow the hen (Collias 1950, 
Collias & Collias 1956, Fabricius 1951). 

The Redhead’s care of the young just after hatch- 
ing seems much like that of other ducks. The follow- 
ing observation made in the Delta Marsh illustrates 
the pattern. A nest had been under observation inter- 
mittently for 22 hrs and four young had hatched. 
At 8:00 A.M., the female appeared restless, flapped 
her wings, preened, gave the “kuk-kuk-kuk” call, and 
left the nest. Three young followed, the fourth (prob- 
ably the youngest) remained in the nest. The female 
hesitated, called again, and returned to the nest where 
she covered the with material, 
Then she left again followed by all four ducklings. 
They remained within 30 yds of the nest, swimming 
for 27 minutes before returning to the nest where the 
hen brooded the young. An hour later, the hen left 
the nest and began tossing nest material; she was fol- 
lowed by the two of the four young. The two young 
in the nest gave distress calls and jumped into the 


remained eggs nest 


water. Their second excursion took them as much as 
50 yds from the nest; during this trip the female oc- 
casionally gave the following call. They returned 
after 27 minutes and the young remained in the water 
She again gave 
and 


preened on the nest. 
call the 


while the hen 


the following and young came near 





Fig. 10. Redhead hen and juvenile preening after a 
short swim. 

















October, 1959 


climbed onto the nest where they too preened (Figure 
10). The hen brooded them and they remained on the 
nest throughout the night. They left the nest at about 
7 o’clock the following morning when the young were 
at most 47 hrs old. At 8:00 P.M. that evening the 
brood was not observed on the nest but a duckling was 
seen nearby. A stem of cane placed upright in the 
nest was found knocked down the next morning; pre- 
sumably the brood returned to the nest for the second 
night after hatching, possibly because no other dry 
roosting site was available. 

After the hatching period, the female’s brooding 
drive wanes. It is well known that Redheads more 
commonly desert their broods than any other species 
except Ruddy Ducks. Hochbaum (1944:99, 1946b) 
related this brood desertion to the onset of the post- 
breeding molt. In general, dabbling ducks nest earlier 
than do diving ducks and therefore have more time 
to care for broods before the onset of the molt. Red- 
head broods observed at Delta after late July were 
almost always without females (Table 4). However, 
early nesting Redheads also desert their broods, indi- 
cating that brooding of the young, as well as other 
breeding behavior, is weak in this species. 


TABLE 4. 
attendance of broods. 


Relationship of time to the Redhead hen’s 
Delta Marsh, 1952 and 1953. 








Date Broods observed | Number with hens 
June 15-21.... l ] 
June 22-30........] 4 3 
a SS a | 2 ] 
July 8-14........| 4 4 
ge. ae Ss 6 
i) 10 4 
ae ee es 3 ] 
Aug. 8-14........| ff 1 
Aug. 15-21........ 12 ] 
Aug. 22-31........ 1 0 





Another measure of the strength of the brooding 
drive is the injury-feigning ability (Armstrong 1947: 
90-105) which is commonly found in ducks (Bennett 
1938a:54, Hochbaum 1944:105). The Redhead is 
again the poorest of parents. Dabbling ducks will 
feign well even prior to hatching but the Redhead will 
sneak away. The Redhead rarely feigns except with 
newly hatched young and as Hochbaum stated, “. . . 
even this is poorly acted.” The Ruddy Duck does 
not feign at all but takes flight. Feigning behavior 
in dabbling ducks persists until the young are nearly 
ready to fly, while in Redheads, the hen will flee if she 
has remained with the young until then. While it 
may be said that feigning behavior in all divers is 
less intense than in dabbling ducks, it is not solely 
because divers nest late. The Lesser Seaup, which 


nests during the same period as the Ruddy Duck, is 
a broody bird during nesting and also feigns well 
when with young (Munro 1938, 1941). 

Thus while the onset of molt may influence brood 
desertion in the Redhead, innate lack of broodiness 


Parasitic Eaa LAYING IN THE REDHEAD 


349 


seems of greatest importance. Either cause is direct- 
ly related to the breakdown of normal nesting habits 
in the Redhead; the late nesting season is due to pre- 
nesting parasitism and weak broodiness is related to 
the semiparasitic behavior of many individuals. 


FACTORS AFFECTING THE DEGREE OF PARASITISM 


The percent of nests parasitized and the number 
of parasitic eggs found per nest vary among areas 
and years. The causes of these variations are difficult 
to appraise because one often masks the effect of an- 
other. Several possible causes which consider the in- 
fluence of both environmental and genetic factors are 
discussed below. 

Nesting cover. A shortage of nesting sites as a 
factor inducing parasitism is most evident in species 
restricted to certain niches, like the Wood Duck or 
Goldeneye. In Massachusetts, McLaughlin & Grice 
(1952) found that when the number of artificial nest 
sites remained constant but the population increased, 
the percent of compound nests of Wood Ducks also 
increased. Undoubtedly, where the abundance of nest 
sites limits the number of birds that can nest in an 
area, compound clutches may result from two or more 
females competing for the same site. This is especial- 
lv true because females may return and use the same 
nest box on successive years (J. P. Rogers in litt.). 
Peabody (1920) recognized that parasitism commonly 
results from a shortage of nest sites and termed this 
“domiciliary-parasitism.” This is a conflict of two 
females with strong attachment for the same nest site 
and not a reduced attachment of a female to her nest 
If two 
hens are equally broody and thus tolerant of the 
other’s presence, both may incubate the same eggs 
(Bellrose 1943). The contest of two females over a 
nest site is essentially what Gudmundsson (1932) be- 
lieved to be the cause of compound nests among eiders. 
Competition over nest sites in colonial nesters such as 
eiders may be as important in inducing compound 
nests as it seems to be in Wood Ducks. 

In non-colonial’ species which construct nests, 
cover quality or nest site preference is more difficult 
to relate to parasitism, but Stoddard (1931:27) sug- 
gested that intraspecific parasitism in Bobwhite Quail 
was due to a shortage of nesting cover. Williams & 
Nelson (1943) were likewise impressed with the im- 
portance of cover for Redhead nests, and suggested 
that the lack of adequate cover, as well as inherent 
weakness in the Redhead, was responsible for para- 
sitism. David Olson (personal communication) found 
parasitism common among the usually normal-nesting 
canvasback when there was a shortage of vegetation 
standing in water and a high density of breeding 
birds per water area. 


which makes her deposit her eggs elsewhere. 


In the present study, a comparison was made be- 
tween parasitism and nesting conditions in the Knud- 
son Marsh in 1950 (Wingfield 1951) and in 1955 
(present study). There was a dramatic difference in 
cover quality during these years. In the first period, 
hardstem bulrush, which is the preferred nesting 
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cover of the Redhead, was so dense and tall that it 
was impossible for a man to walk through it. By 
1955, after several vears of drought, the bulrush and 
other nesting cover was only a few feet tall and 
trampled by cattle. Yet the degree of parasitism was 
not greater than in 1950, but slightly less. In 1950, 
70% of the Mallard nests and 79% of the Cinnamon 
Teal nests were parasitized and the parasitized nests 
contained an average of 5.5 eggs. In 1955, only 68% 
of Mallard and 53% of Cinnamon Teal nests were 
parasitized; they contained 4 and 5.5 eggs per para- 
sitized nest, respectively. However, the Redhead 
population was reduced from 500 pairs in 1950 to 
95 pairs in 1955, a change which is difficult to relate 
to the amount of preferred cover per bird. 

That seasonal variation in cover is unimportant is 
indicated by the fact that Redheads, like other ducks, 
usually use old plant material for the nest and nest 


canopy in spite of their late nesting period. Green 
material rarely constitutes a third of the volume. The 


percentage varies with plant growth conditions and 
probably with the phenology of the season, but the 
bulk of the nest material is always old. The follow- 
ing table shows the number of Redhead nests in whieh 
green plant material was found: 


Delta Marsh 1952 1 of 12 nests 
om ‘i 1953 Sori ” 
é: re 1954 llores |” 

Knudson Marsh 1955 9 of 42 ” 

Ogden Bay Refuge 1955 19 of 23.” 


Total 45 of 115 nests 
Thus Redheads which are able to find adequate nest- 
ing cover in June should be able to do so in early 
May. There is no evidence in this study that lack of 
dense cover for nesting influences the degree of para- 
sitism. 

Water fluctuation. Low (1941, 1945) found a 
correlation between water fluctuations, nest failure 
and the degree of parasitism by Ruddy Ducks and 
Redheads. He found that parasitism increased when 
water levels rose or fell rapidly and suggested that 
such fluctuations increased nest desertion and para- 
sitism. Among Redheads, the numbers of nests para- 
sitized and the number of eggs per nest increased, as 
did the number of Redhead nests parasitized by the 
Ruddy Duck. Water level control was therefore 
stressed as a means of managing for higher nest suc- 
cess and lower rates of parasitism. Support for Low’s 
theory was found in the data of Mareus Nelson 
(1943) who found that the percentage of nests para- 
sitized by Redheads was higher in a unit where water 
levels fluctuated greatly (24%) than in an area of 
little fluctuation (6%). However, it is apparent from 
the data that the Redhead made up a higher percent- 
age of the breeding population in the area with un- 
controlled water levels and the more severe parasitism 
undoubtedly refiected this concentration. 

No evidence was found during the present study to 
indicate that water fluctuations were an important 
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influence in the degree of parasitism. From 1952 to 
1954, the water level of the Delta Marsh increased 
nearly four feet. In 1954 the marsh was joined with 
Lake Manitoba and during high winds severe water 
fluctuations occurred throughout the nesting period. 
The failure of these water fluctuations to inerease 
parasitism are shown by the following data: 


Year and water Number Per cent Av. No. 
conditions Canvasback Parasit. Redhead eggs 
nests per para. nest 
1952-few minor 
fluctuations 17 100 6.5 
1953-great 
fluctuations, 
6" 23 100 5.9 
1954-severe 
fluctuations, 
6-11” 8 88 4.2 


In the Knudson Marsh, water levels occasionally 
fluctuated as much as three inches per day but, be- 
cause of the low water level, these fluctuations were 
below the level of the nesting vegetation and no nests 
were endangered or lost to flooding. Yet parasitism 
was severe. Parasitism was also severe in 1950 in 
spite of the fact that water levels were essentially 
stable (Wingfield 1951). 

Finally, it has been shown that the peak of para- 
sitism preceded the period of greatest nest initiation. 
Thus nest losses could not have caused the major 
amount of parasitism. 

Disturbance. To learn the significance of human 
disturbance, a comparison of initiation dates of Red- 
head nests in the Knudson Marsh and the Ogden Bay 
Refuge was made. The latter area was essentially 
undisturbed while the investigator was in Knudson 
Marsh nearly every day of the breeding season. Data 
from both areas are shown in Figure 1 and reveal] no 
evidence that human disturbance influenced the time 
of Redhead nest initiation. Moreover, a high degree 
of parasitism occurred at Ogden Bay in the absence 
of human disturbance. 

Habitat preference. King (1954) related para- 
sitism by cowbirds to habitat preference of both the 
parasite and host. This relationship is also clear for 
waterfowl. Differences in degree of parasitism ob- 
served by Nelson (1943) in two study areas resulted 
chiefly from the fact that a unit with controlled water 
level was dominantly upland and preferred by dab- 
bling ducks while the uncontrolled unit was marshy 
and more preferred by the Redhead. A similar pat- 
tern of ecological preference is apparent in the Delta 
Marsh. Deep marsh species like the Canvasback are 
heavily parasitized while field nesting dabblers are 
rarely affected. The Redhead apparently makes no 
effort to stray from its preferred habitat to parasitize 
nests. 

Within the Redhead’s niche, certain areas may be 
preferred for courtship, loafing, and feeding, as well 
as nesting. If these areas are limited in number, a 
concentration of birds results. This effect was noticed 
in the Knudson Marsh where only a few deep chan- 
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nels and patches of water were suitable for feeding 
and courtship. Nests of any species located near these 
areas tended to receive great numbers of parasitic 
eges. Nests farthest from the water’s edge tended to 
be least parasitized. 

Time. The chronology of nesting of the host and 
laying by the parasite is also an important factor in 
the amount of parasitism. Hochbaum (1944:91) 
noted that Ruddy Duck parasitism was restricted 
chiefly to other Ruddy Ducks because few other spe- 
cies nested as late. Both Erickson (1948a) and 
Wingfield (1951) observed that the earliest nesting 
ducks avoided parasitism because the Redhead was 
not yet laying. However, not all variation is due to 
such relationships as shown by comparing the nest 
initiation dates of Cinnamon Teal and Mallards with 
the temporal distribution of parasitic egg laying 
(Figure 7). Although the peak of the period of para- 
sitism coincides more nearly with the laying period of 
teal than of Mallard, the Mallard received the higher 
degree of parasitism. 

Population density. One important factor in- 
fluencing the degree of parasitism has not been dis- 
cussed: the effect of the relative densities of parasites 
and hosts. This relationship was first investigated by 
Nice in 1937. She observed that the percentage of 
Song Sparrow nests parasitized by cowbirds increased 
from 24 to 77 during the seven years of her study. 
Throughout this period her Song Sparrow population 
remained stable but the cowbird population increased. 
From Hicks’ (1935) data she calculated that a ratio 
of one female cowbird to 12 hosts resulted in 35% of 
the nests being parasitized. Her own data gave close 
agreement, and hence she concluded that the degree 
of parasitism was in part a function of the host: 
parasite ratio. Comparable figures are more difficult 
to obtain for a semiparasitie species. 

Bennett (1938a:47-67) and Stokes (1954) pre- 
sented evidence that the degree of inter- and intraspe- 
cifie parasitism by pheasants varies directly with 
population density. Stokes (1954:36) compared 
data from various parts of North America and found 
that nest abandonment (due chiefly to intraspecific 
parasitism) was proportional to density. 

McLaughlin & Grice (1952) found that the rate 
of nest desertion in Wood Ducks was density de- 
pendent but the influence of the shortage of nest sites 
was difficult to evaluate. As mentioned previously, 
degree of parasitism by Redheads reported by Nelson 
(1943) also appeared to be density dependent. 

In the present study, host: parasite density rela- 
tions could only be determined in the Knudson Marsh 
because it was impossible to determine populations 
reliably in the Delta Marsh. Population data are 
shown in Table 5. Redheads are included because 
they also serve as hosts. The 20% increase in hosts 
per parasite resulted in a decrease of only 6% in the 
percentage of nests parasitized. There was no differ- 
ence in the number of Redhead eggs laid per Mallard 
nest in the two years but there was an increase of 1.5 
eggs per Cinnamon Teal nest. Thus no relationship 
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is apparent between the change in host-parasite ratio 
and the percent of nests parasitized or the average 
number of eggs laid per parasitized nest. 

A further attempt to determine the significance 
of the relative density of host and parasite was made 
by use of the average number of parasitic eggs laid 
per potential host-nest (considering both parasitized 
and unparasitized nests). The average number of 
Redhead eggs laid in Mallard and teal nests decreased 
from 4.2 in 1950 to 3.4 in 1955; a decrease of 0.8 egg 
per nest or 19%, showing close agreement with the 
20% increase in number of hosts available. 

Data for 1955 have already been presented show- 
ing that parasitic females laid an average of 10.8 
parasitic eggs. Directly comparable data were not 
obtained by Wingfield (1951) for 1950 due to the 
fact that he did not attempt to determine parasitic 
redhead eggs in redhead nests or make a total estimate 
of all parasitic redhead eggs laid in the marsh. Any 
interpolation of the data he presents yields an average 
of only 5.3 parasitic eggs laid per parasitic hen. Be- 
cause Of the obvious bias of differences in procedure, 
another estimate of this figure for 1950 was made by 
multiplying the number of parasitic eggs laid per 
Mallard and teal nest (4.2) by the number of hosts 
available per parasite (2.5). This gives a figure of 
10.5. A comparable calculation for 1955 (3.4 x 3) 
reveals a similar average: 10.2. 

If this average of 10+ eggs in both 1950 and 1955 
is correct, females laid approximately the same num- 
ber of eggs parasitically in the two different years 
despite great change in population density and habi- 
tat. The distribution of these eggs differed according 
to the availability of host’s nests. 


TABLE 5. Comparative Population Data for the 


Knudson Marsh. 





1950 (From Wingfield, 1951) 1955 (Present Study) 





: Per Cent | | Per Cent 
Species Estimated Nests Estimated Nests 
Population | Parasitized | Population | Parasitized 
eo See a ee eee A Sel PB esses ade Bi, CE LO 
, ; | 
Redhead... . 500 pairs . 92 pairs | * 
ere 450 pairs 70 | 125 pairs | 68 
Cinnamon Teal. . 300 pairs 79 60 pairs 53 
WR bok ena cenees 1250 pairs 71 277 pairs | 65 
Ratio of Redheads to 
eee 1:2.5 1:3 


| 


* Intraspecific parasitism is difficult to determine and is not included here. 


While some biases are involved in deriving the 
host-parasite ratio from estimated populations, a ratio 
based on numbers of nests would be far more biased 
because the percentage of the Redheads which nest is 
less than that of other species. This would result in 
an increased host-parasite ratio which would cause an 
apparent increase in the number of eggs laid per 
parasitic female: 19.7 eggs per female in 1950 and 
18.9 in 1955. Nevertheless, figures so derived closely 
agree with one another. 
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From the foregoing data there is no evidence that 
factors such as cover quality, water fluctuations, or 
disturbance, affect the number of eggs laid parasiti- 
cally by the Redhead. It seems that the parasitic 
tendencies of species like the Redhead and Ruddy 
Duck are inherent and not subject to measurable 
modification by the physical environment. The distri- 
bution of these eggs is influenced by habitat prefer- 
ence of the parasite, chronology of laying by host and 
parasite, and especially by the number of host nests 
per parasite. 

The role of psychological factors needs further 
evaluation. While the degree of parasitism seems 
generally density-dependent, it must be ascertained 
whether concentrations of nesting Redheads in pre- 
ferred habitat increases parasitism or merely the op- 
portunity for eggs to be laid in nests (rather than on 
the ground) where they are ‘seen by investigators and 
protected from predation. 

A number of contemporary investigators feel that 
Redhead populations vary from year to year in their 
tendency to nest and that in some years they are very 
successful in nesting while in others the are highly 
parasitic and do little nesting. Only a long-term 
study of Redhead nesting in an isolated area in which 
data on population densities, the percent of Redhead 
hens nesting, age of females, and the degree of para- 
sitism are kept, can determine this with accuracy. 


REACTIONS OF THE HOST 


Defense of the nest. The host may react to the 
parasitic intrusion of the Redhead in a variety of 
ways. If she is on the nest when the parasite arrives, 
she threatens and pecks at the intruder. Such battles 
were observed by Hochbaum (1944:91) at the nest of 
a captive Canvasback and by McKinney (1954) and 
the writer at wild Canvasback nests. Details of the 
latter case are as follows: 

A female Canvasback, which had just been trapped 
and marked, was very broody and was returning to 
her nest in spite of the fact that she knew of the in- 
vestigator’s presence in a blind only 40 ft away. 
Meanwhile, a pair of Redheads landed in a small pool 
of water about 50 ft from the nest. In passing 
through the pool on her way to the nest, the Canvas- 
back threatened the Redheads on first sight—direct- 
ing her attention more toward the male than the fe- 
male. After preening, she returned to her nest. 
About 30 minutes later, the Redhead moved toward 
the nest (thus she arrived at the nest site 50 minutes 
before she attempted laying). The Canvasback again 
threatened the intruder. This seemed to have little 
effect on the Redhead which immediately climbed onto 
the base of the nest. She was met with bill peck- 
ings but these too did not deter her. Flapping her 
wings to keep balance, the Redhead climbed to the 
edge of the nest. After about two minutes at the nest 
in an unsuccessful effort to get on the eggs, she left. 
This failure was probably due to the presence of a 
trap on the nest and the observer’s blind nearby 
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rather than to the aggressiveness of the host. The 
Redhead apparently did not lay her egg. 
Acceptance of foreign eggs. The successful hateh- 
ing of the parasitic egg depends on whether or not 
it is accepted by the host. Very commonly eggs are 
found outside the bowl of Canvasback and Redhead 
nests (Figure 11). They may be eggs of either host 
or parasite. Are they lost from the nest during battles 
between host and parasite or are they intentionally 
ejected by a discriminating host, as in songbirds 
(Swynnerton 1918, Baker 1942). Because the chances 
of witnessing either event were meager, eggs of var- 
ious kinds were added to the nests of hens laying and 


incubating. Tests of this type have been used to 
study egg recognition by gulls (Nobel & Lehrmann 


1940, Tinbergen 1953:157) and by ducks (Poulsen 
1953, Sowls 1955:103). In the present study, tests of 
recognition of unlike eggs were of chief importance. 





Fie. 11. 
predators. 


Eggs lost from this nest in Utah attracted 


These tests showed that only the most conspicuous 
eggs seem to be recognized and ejected (Table 6). 
Eggs very similar to those of the host, such as Red- 
head eggs in Canvasback or Mallard nests, are ac- 
cepted at any time during the nesting period. Eggs 
conspicuously different in either size or color are 
either ejected or buried if they have been added 
during the egg-laying period of the host, but are ac- 
cepted during the host’s incubation period. Their 
acceptance during incubation is due to the fact that 


the brooding drive is then stronger. It does not im- 


ply lack of recognition by the incubating female. 
This was clearly shown when a conspicuously marked 


chicken egg was added to a Redhead nest which al- 
ready contained three Ruddy Duck eggs and six eggs 
of the host. The hen examined the egg closely but 
accepted it. A week later, however, when the water 
level rose, the hen raised the Redhead eggs, leaving 
both the chicken egg and the Ruddy Duck eggs buried 
beneath. Discrimination is not perfect in all cases for 
often eggs of the host are buried as well. Thus emer- 
gency nest building may account for some buried eggs 
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but others seem to be intentionally covered (Spencer 
1953, Sowls 1955:103). 
tests. 


TABLE 6. Egg acceptance 





Results | Stage of 
Nesting 


Host Species | 
ae SON We a ae 
Spotted Chicken... .. | | Ejected 
w o i “ 


Canvasback Laying 
“ “ 


“ “ “ “ 


Pushed outside 


| bowl | 
4 . | Cinn. Teal | Deserted | “ 
, . | Canvasback | Accepted | 1-3 days incub. 
* . Redhead | Accepted-later 12 days incub. 
| | buried 
- . | Redhead | Pushed to side of| 20 days incub. 
| bowl | 
Plaster. . ‘ : | Mahard Partially buried | Laying 
Cinnamon Teal... . Redhead | Accepted | 7 days incub. 
Canvasback...... .| Canvasback | Accepted | Laying 
7 Mallard. . . ..| Mallard | Accepted & Laying 
| | stopped laying | 
Redhead. . . | Canvasback | Accepted Laying 
“4 | . | Accepted | Laying 
a | Accepted | 12 days 


Double nests of Redheads were found on two oc- 
casions (Figure 12); presumably these resulted from 
excess building to cover eggs, a well-known phe- 
nomenon in passerines (Berger 1955). 








‘4 - fe tree gs Ite 
Fig. 12. A double redhead nest at 
Manitoba. 





Whitewater Lake, 


From the tests reported above, it must be con- 
cluded that the resemblance of Redhead eggs to those 
of Mallard and Canvasback usually prevents their 
being ejected or buried by these hosts. Nor are Red- 
head eggs ejected by a Redhead female host. Eggs 
found outside nests must be attributed to accidental 
loss through battles and through normal nest-care 
movements of hens with large clutches. Nonetheless 
these losses to the host are a direct result of the para- 
site, 

Perhaps some of the eggs found outside nests are 
laid there by the parasite when the host is very ag- 
gressive and the parasite cannot force her way onto 
the nest. The likelihood of this was shown by females 
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which laid eggs outside a trap when unable to enter 
because other hens were trapped in them. Such be- 
havior also might explain the presence of eggs found 
3-6 ft from the nests. 

There is no evidence that the parasite attempts to 
remove an egg of the host at the time of laying. 
Another response of the host to con- 
tinuous parasitic intrusion is desertion. Desertion is 
most likely to occur early in the nesting period when 
the host female’s attachment to the nest is weakest. 

In the present study, the distance of the observer 
from the nest when the female flushed was used as a 
Numerous workers have sug- 


Desertion. 


measure of broodiness. 
gested that broodiness increases throughout the in- 
cubation period. To obtain more precise information 
in order that comparisons between species might be 
made, the stage of incubation was determined by the 
use of the field candler and stages were correlated 
with flushing distance. These data, presented in 
Table 7, show that hens are less prone to leave the 
nest as incubation progresses. The data are based 
only on first visits to the nest because birds reacted 
differently to the observer’s later approaches; some 
learned to sneak off the nest while others did not. 


TABLE 7. 
the observer’s first visit to the nest. 
flushed is in parentheses. 


Average flushing distance in feet, based on 
Number of females 





STAGE OF THE NESTING CYCLE 


Species | 
Laying 1-6 days 7-12 13-18 | 19-Hatching 

Delta Marsh | 

Canvasback 145 (12) 85 ( 8) 92 ( 3) 40 ( 1) 44 ( 5) 

Redhead | 148 ( 7) 102 ( 9) 85 ( 4) 33 ( 2) - 
Utah Marshes 

Redhead 81 (11) | 127 (15) 72 (11) 67 (10) 54 ( 6) 

Mallard 31 (42) | 21 (23) 19 (23) 14 (23) 12 (10) 

Cinnamon Teal} 14 (15) 16 (10) 15 ( 8) 20 ( 4) 14 ( 2) 


The data for Redheads and Canvasbacks in the Delta 
Marsh are too meager to show the relationship but 
the data for Redheads, Mallards, and Cinnamon Teal 
in the Knudson Marsh illustrate the weaker attach- 
ment of the Redhead to her nest. 

This weak attachment to the nest is well known by 
all persons who have worked in marshes where the 
Redhead breeds; the female is often so shy that even 
on the investigator’s first visit, the hen slips from the 
nest long before the investigator reaches the nest; her 
attendance can only be detected by the warmth of the 
eges. 

Another measure of the brooding drive is nest 
attentiveness (Kendeigh 1952). Although no quanti- 
tative measurements have been made, the Canvasback 
is well known for her fidelity to the nest, leaving it 
only once or twice a day for a few minutes. Using 
a nest recorder, Low (1945) found that Redhead hens 
left the nest from 3-26 times per day, with an average 
of six times per hen! 
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The fact that the Redhead is less broody than other 
species makes it less tolerant of disturbances. This 
is easily seen in times of rising waters; the Redhead 
may attempt to build up her nest but more often 
deserts, while the Canvasback successfully maintains 
hers. It is for this reason that the Redhead and the 
Ruddy Duck suffer severe nest losses during flooding 
(Williams & Marshall 1938, Low 1941, 1945). 

Desertion losses are also apparent when the Red- 
head serves as host to its parasitic associates. How- 
ever, it is difficult to determine the exact cause of de- 
sertion of an individual nest for parasitized nests are 
commonly found which have also undergone flooding 
and predation. In any ease, the nest loss is related 
to the innately weak nesting habits of the species. 

The effect of this lack of broodiness can be meas- 
ured by examining some nest desertion rates reported 
in the literature (Table 8). These tabulations do 
not include data from the present study because trap- 
ping and other intensive investigations affected de- 
sertion rates. The table shows that desertion rates of 
the Redhead and Ruddy Duck far exceed those of 
other species. A still higher loss would be shown if 
the exact cause of nest failure could be more accurate- 
ly determined, for many of the losses attributed to 
flooding probably resulted from desertion through 
weak attachment to the nest. Ironically, the most 
parasitic species—the Redhead and the Ruddy Duck 
are those most affected by parasitic intrusions and 
other disturbances of their nesting. 





TABLE 8. A comparison of some desertion rates of 
waterfowl as reported in the literature. 





Redhead 
Ruddy 
Mallard 
Cinn. teal 
Shoveller 
Gadwall 
Pintail 








Williams & Marshall, 1938/38%|30%/30%|11%|11%| 9%| 9% 


(egg losses) 
Miller & Collins, 1954. . .|15%/24%| 8%|10%| 8%| 6%| 2% 
(nest losses) 


Wingfield, 1951......... 57%|28%| 7%|25%| — | — | — 
(egg losses) 


~ 
a 
































Host reaction to parasitic young. Just as passer- 
ines feed and brood the young cowbird without ap- 
parent concern or recognition, the duck serving as host 
to parasitic Redheads shows no concern over the dif- 
ference in the ducklings. In some eases (Figure 13) 
she has no ducklings of her own species. During the 
present study, Canvasbacks, Mallards, Cinnamon 
Teal, and Gadwall were observed with Redhead duck- 
lings in their brood. The actions of the hen were 
never observed to differ from those of hens with a 
normal brood. Similar acceptance was noted by 
Collias (in litt.) when he forced ducks and chickens 
to hatch and brood ducklings of various species. 
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Fic. 13. Mallard female incubating a brood of four 
redheads. No mallard young hatched in this nest in 
KXnudson Marsh. 


Once the young are three or four weeks old, how- 
ever, they do seem to recognize ducklings of their 
species. When feeding undisturbed and oceasionaliy 
when swimming from place to place, Redhead and 
Canvasback ducklings of the same brood were ob- 
served to segregate by species. Often there appeared 
to be aggressiveness between the two groups. Erick- 
son (1948a) presented data showing that Redheads 
disappeared from mixed broods at a faster rate than 
did Canvasback. Collias & Collias (1956) observed 
that hand-reared Redheads were always dominant 
over Canvasbacks and perhaps young Redheads de- 
sert mixed broods when the aggressiveness develops, 
resulting in a more rapid decline in Redheads than 
in Canvasbacks in mixed broods. 


THE EFFECT OF PARASITISM 
ON THE HOST AND ON THE PARASITE 


Effects on the host: reduced clutch size. In the 
course of this and other studies, it has been found 
that the number of eggs laid by a duck in its own 
nest is reduced by the presence of Redhead eggs laid 
parasitically. This may be attributed to the fact that 
ducks are indeterminate layers (Cole 1917). Addi- 
tions of parasitic eggs to the clutch have a depressing 
effect on ovulation. This is demonstrated by the data 
in Table 9 which includes counts of the host’s eggs 
found outside as well as within the nest. 


TABLE 9. Effect of parasitic egg laying by the Red- 
head on clutch size of host. 





Aver. Clutch size | Aver. Clutch size 








Species in unparasitized in parasitized Authority 
nests nests 

Canvasback...........| 9.9 ( 7)* 7.7 ( 472) Erickson, 1948 
Canvasback....... | 8.0 ( 1) 6.6 ( 38) Present Study 
Cinnamon Teal... . 8.6 (14) 6.6 ( 35) Wingfield, 1951 
Cinnamon Teal... .. 10.1 (14) 8.3 ( 22) Present Study 
Mallard atin 9.4 (63) 9.2 (223) Wingfield, 195! 
Mallard | 8.3 (40) 7.2 ( 91) Present Study 


* number of nest observed. 
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The degree to which clutch size is affected de- 
pends on the stage of laying at which the eggs are 
added. In waterfowl, egg laying and nest building 
occur simultaneously; in songbirds, nest construction 
begins 2-20 days before laying (Wallace 1955:164). 
Thus parasitic waterfowl have less opportunity to 
find nests in the laying stage than do cowbirds and 
euckoos. As a result Redheads more commonly lay 
after incubation starts than before. Nevertheless, 
the number of eggs laid by hosts suffering heavy para- 
sitism may be reduced by two. While this seems to 
have little measurable effect on the total number of 
young reared per nest, fewer ducklings of the host 
are produced, 

Effects on the host: egg and nest losses. After the 
eggs are laid, parasitic intrusions may reduce clutch 
size in several ways. Some eggs are knocked from 
the nest as a result of struggles between host and 
parasite, or during normal nest movements when 
clutches are very large. Among Canvasbacks in the 
Delta Marsh, 22% of all eggs found during the three 
years of the study were under water around the nest. 
From Redhead nests in Utah, Williams & Nelson 
(1943) reported a loss of 13% of eggs; Wingfield 
(1951) reported 1% lost, and the present study 
showed 3% lost. of Cinnamon Teal and 
Mallard eggs were less than 2% in any of the studies. 
Possibly eggs lost from shallow nests of dabbling 
ducks are retrieved by the hen (Poulsen 1953). The 
very high loss from Canvasback nests may be attrib- 
uted in part to the greater degree of parasitism suf- 
fered by this species and the fact that eggs often fall 
in water and cannot be retrieved. Eggs lost from 
nests and falling on the ground may increase preda- 
tion of nests. 

Kgg losses also occur by breakage during nest 
battles; most are only cracked but they do not hatch. 

Finally, many losses occur because of the inability 
of the host female to incubate more than one layer 
of eggs properly. Large clutches invariably contain 
many eggs with dead embryos. 

These three types of egg losses are lumped in all 
computations of egg success and may be determined 
by comparing the success of eggs in parasitized and 
unparasitized successful nests (Table 10). Little 
effect is noticeable in Mallards or teal but Canvas- 
backs suffered severe losses. 


Losses 


TABLE 10. Comparative egg success in parasitized and 
unparasitized successful nests. 


| 





Species Unparasitized Parasitized | Authority 
Canvasback.......| 91% | 77% | Erickson, 19488 
Canvasback...... . | - | 59% Present Study 
Mallard. . 92% 90% Present Study 
Mallard......... | 6% less in parasitized | Wingfield, 1951 

89% 94% Present Study 


Cinnamon Teal 2% less in parasitized | Wingfield, 1951 


| 


Cinnamon Teal... . | 
| 
| 


NI] . 
Egg losses may also be measured by comparing 
the average number of eggs hatched per nest in para- 
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sitized and unparasitized Canvasback nests. Data 
from the present study and from Erickson (1948a) 
are presented in Table 11. Lesser production in para- 
sitized nests is again apparent. 


TABLE 11. Hateh of canvasback eggs in unparasi- 
tized and parasitized successful nests. 





UNPARASITIZED | PARASITIZED 
Aver. No. | | Aver. No. 
Aver. No.Can. hatched per ||Aver. No. Can.| hatched per 
eggs per nest | nest || eggs per nest | nest 
Present. study:| i | 
8 | — l 7.2 4.2 
|| ’ 
Erickson, 
1948a: 
8 = & 7 4. 9 


The reaction of the host to continued parasitie in- 
trusions may be desertion, the effect of which does 
not appear in egg loss calculations as shown in Table 
10. For this reason, a comparison of nest success 
data is presented in Table 12. Again, the Mallard 
seemed unaffected but the Canvasback and the Cinna- 
man Teal showed significant losses due to parasitism. 


TABLE 12. Comparative suecess of parasitized and 
unparasitized nests. Number of nests in parentheses. 





Species | Unparasitized Parasitized Authority 


69% ( 35) 


Canvasback Present study 





“ 57% (15) =| = 46% ( 59) Erickson, 1948 
Cinnamon Teal 44% (18) 26% ( 23) Present study 
“ “ | 41% (34) | 32% (107) Wingfield, 1951 
Mallard | 66% (38) | 68% (72) | Present study 
- | 64% (98) | 66% (223) | Wingfield, 1951 
| 


It appears that parasitism in the order of 60-70% 
of the nests and 4-6 eggs per nest must occur before 
egg and nest losses are measurable. Further increases 
in parasitism undoubtedly result in great increases in 
nest and egg losses. 

-arasitism of these extreme magnitudes has been 
found in only a few small areas. Although Williams 
& Nelson (1943) found as many as 30% of duck nests 
parasitized in some areas of Utah, more than 5000 
nests throughout Utah showed only 6% contained 
foreign eggs. If this is true of other areas, which 
seems likely, interspecific parasitism is probably not 
of great significance. 

The effect of Redhead parasitism on species like 
the Mallard and perhaps the Cinnamon Teal could 
not be great because they have extensive breeding 
areas not overlapping geographically with that of the 
Redhead. However, the effect of Redhead parasitism 
on the Canvasback is more serious because they oceu- 
py the same breeding range. In large marshes, where 


Redheads tend to concentrate, it is quite possible that 
there 


is a density dependent relationship between 
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Redhead and Canvasback populations: when Redhead 
populations are low, there are more hosts per parasite 
and eggs are more widely distributed and have a 
higher hatching success. When Redheads become 
more abundant, the greater number of Redhead eggs 
per Canvasback nest lowers the hatching success of 
eggs of both species. Similarly, in pothole nesting 
habitat, where populations are more scattered and 
Redhead populations may be proportionately less 
dense than on large marshes, parasitic eggs are scat- 
tered and are probably more successful. Moreover, 
the effect of this parasitism on host species like the 
Canvasback is probably less serious. However, the 
over-all influence of Redhead parasitism on Canvas- 
back populations cannot be adequately assessed on 
the basis of present data. 

Effects on the parasite. In obligate parasites such 
as cuckoos and cowbirds, reproductive success depends 
entirely on the number of eggs which hatch and are 
reared by the host. This is not true of species which 
not only parasitize but also nest. Such a develop- 
mental and transitional stage must be essential to 
maintain the population during the slow evolution of 
the perfected obligate parasite. It is a period of trial, 
for only by the differential survival of the parasitical- 
ly reared young over those reared normally can this 
behavior succeed. The relative success of the para- 
sitic and normally nesting cohorts of the population 
-are extremely difficult to evaluate. 

From evidence obtained in this study, approxi- 

mately 5-10% of the Redhead females nest normally 
and early in the season. All other Redhead females 
apparently lay eggs parasitically at some time. More 
than half of these hens are semiparasitic and nest 
after parasitizing while the remainder are probably 
completely parasitic. On the average, the parasitic 
birds lay 11-12 eggs parasitically. Canvasbacks hatch 
7% (Erickson 1948a) to as high as 25% (present 
study) of the Redhead eggs deposited in their nests. 
Steel (1952) reported 21% were hatched by Canvas- 
back; Ruddy, Mallard, and Seaup hosts. Mallard and 
Cinnamon Teal in the Knudson Marsh hatched 6-7% 
of these eggs in 1950 (Wingfield 1951) and 9 percent 
in 1955 (present study). On the average 10-15% of 
‘the parasitic eggs hatch, or only one egg per para- 
sitic female. Still fewer reach maturity. While such 
figures seem small, it is interesting to recall that only 
64% of the cowbird eggs studied in Nice’s Song 
Sparrow nests hatched and but half that number 
were fledged. Yet the North American Cowbird is a 
very abundant species. 

It is impossible to measure the number of para- 
sitic Redhead eggs which hatched in Redhead nests. 

The major part of the reproductive success of the 
Redhead is still dependent on the results of normal 
nesting. It appears that only 50 or 60% of the 
population nests. They must raise sufficient young 
to compensate for the low productivity of the non- 
nesting segment of the population if the population 
is to be maintained. Because of its innately weak 
reproductive habits, the productivity of the Redhead is 
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lower than that of most other ducks. The effective 
clutch, including parasitic eggs is large: 10.8 eggs as 
calculated from 1380 clutches reported in the litera- 
ture (Table 2). But the hatch of these eggs is only 
32% (Table 13). These calculations include renest- 
ing, if it occurs. The probable lack of renesting be- 
havior, at least in the majority of hens, plus weak 
brooding habits, cause this low egg success. 


TABLE 13. 
reported in the literature. 


Egg success as observed in Redhead nests 





Wingfield, 1951 

Williams and Nelson, 1943 
Erickson, 1948 

Bennett, 1938b 

Low, 1945 

Steel, Dalke, and Bizeau, 1956 


21.89 ¢ of 1629 eggs 
30.60 of 5683 eggs 
31.4°¢ of 802 eggs 
40.5% of 186 eggs 
45.0% of 1516 eggs 
70.0°° of 655 eggs 


32% 10 ,802 


From these data, it may be concluded that the 
average nesting female hatches 3.4 ducklings each 
season. If there is a 30% mortality to the young 
prior to the fall migration as estimated by Low 
(1945), about 2.3 young are reared per nesting fe- 
male. If foster parents rear one young Redhead for 
each parasitic Redhead female and an average of 2.3 
young are reared by the 60% of the Redhead females 
which nest, the average number of young produced 
per female in the entire population would be only 2.3. 
Hickey (1952:80) coneluded from his mortality 
studies that each female Redhead would have to rear 
3.6 young by the first of September each year if the 
population were to remain stable. This amount of 
recruitment per female could only be obtained if egg 
success is at least 40%. The lower egg success figure 
(320%) derived by pooling results of various nesting 
studies may easily be a result of the presence of the 
investigators during these studies. 

While leaving something to be desired, these fig- 
ures point out the low reproductive success of the 
Redhead, mostly attributable to the degenerative re- 
productive behavior. In view of this the present 
population status of the Redhead is not surprising. 
Its population is characterized by rapid changes not 
always fluctuating synchronously with those of other 
waterfowl (Hochbaum 1946a) and its status, until 
recent years, has been considered precarious by water- 
fowl biologists. In view of the present knowledge of 
its behavior, it is questionable that the Redhead has 
ever enjoyed the abundance reported for other species 
before the days of pothole drainage and market hunt- 
ing. 

The delayed nesting resulting from parasitism re- 
sults in a late brood period (Hochbaum 1946a). Thus 
the young do not fly until late and are inexperienced 
—some even flightless—at the opening of some hunt- 
ing seasons on the breeding grounds. This, coupled 
with the normal curiosity and gregarious tendencies 
of the species, accounts for its high first year mortality 
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rates (Williams 1944, Hickey 1952 :73-82, Brakhage 
1953). Thus the deleterious influence of the Red- 
head’s unusual mode of reproduction extends beyond 
the nesting period. 


DISCUSSION 

There is little doubt that the Redhead is in a stage 
ef degenerate nesting behavior from which obligate 
parasitism may arise. Both egg and nest parasitism 
occur despite the fact that these two types have been 
suggested as separate ways in which parasitism may 
have evolved. In addition, three distinct types of 
nest behavior are found in different individual fe- 
males: normal nesting, semiparasitism, and complete 
or obligate parasitism. In no other species has this 
range of stages been reported but the simultaneous 
existence of these stages may be necessary to maintain 
the population during the development of obligate 
parasitism. The intermediate stages are undoubtedly 
of long duration. 

It is apparent from the variation shown by indi- 
vidual birds that any concept of the evolution of para- 
sitism must be based on the behavior of individuals 
and not on general patterns in species or genera. 

SUGGESTED CAUSES OF PARASITISM 

Many reasons have been offered by ornithologists 
for the development of parasitism (see Friedmann 
1929a :347-349 and Davis 1940b, 1942), but the basic 
differences between breeding behavior of normal and 
parasitic species have not been fully understood. 
Herrick (1907a, 1907b, 1910) first observed that para- 
sitism developed as a result of lack of attunement of 
laying and nest-building, but he offered no explana- 
tion. Friedmann (1949) suggested that overdevelop- 
ment of the building phase of the nesting cycle in 
weaver birds, especially in males, influenced the origin 
of parasitism in that group. The male built the nest 
and the female then finished it by adding a lining— 
an act not too different from using an old nest for 
laying. Presumably this might lead to laying in 
active nests of other birds and finally to parasitism. 

Allen (1925:203) suggested that the sight of eggs 
in a nest might be such a strong stimulus as to in- 
duce parasitism but Friedmann (1929a :349) did not 
concur : 

“However, I cannot agree with this suggestion 

as a possible origin of the parasitic habit un- 

less it be accompanied or preceded by a marked 

reduction in the attachment of the bird to its 
own nest. Even if the sight of eggs in strange 
nests stimulated egg production in a bird that 

yas not parasitic, its natural instincts would 

associate the resulting eggs with its own nest 

and the bird would probably lay them there...” 


Friedmann later suggested (1929a:352) that the 
loss of the instinct of “territorial protection” in the 
male was the more important cause of parasitism in 
cowbirds. The fact that the female had lost her in- 
stinet to protect the nest (a behavior related to the 
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weakening of the brooding drive) was not considered 
important as long as the male retained his protective 
drive. When the male also lost these protective in- 
stincts, the eggs were laid but deserted by both mem- 
bers of the pair. Nevertheless, some fundamental 
weakness in the female developed before the male lost 
his protective instincts. 

The Redhead is similar to cowbirds in that there 
is no clear-cut, protected, territory. Although pairs 
disperse, the mechanism responsible is not apparent. 
The only aggressive behavior is the male’s defence of 
the female against other males, similar to that de- 
scribed by Conder (1949) for geese and Koskimies 
& Routamo (1953) for the Velvet Seoter. However, 
it is difficult to claim a relationship between para- 
sitism and the breakdown of territorial defense in the 
Redhead when the closely related Canvasback and 
other waterfowl show the same lack of territoriality 
but are broody and non-parasitie. 

Davis (1940a) recognized that abnormal nest be- 
havior in females was the more immediate cause of 
egg parasitism and suggested that malfunction of the 
endocrine system was responsible and led to communal 
nesting habits in the Smooth-billed Ani. However, 
Davis (1942) also stressed the importance of the de- 
terioration of territorial defense in permitting the 
development of parasitism. 

Two theories were advanced by Friedmann (1932) 
as possible ways in which parasitism developed in 
ducks. The first was based on work of Meyer & 
Stresemann (1928) who suggested that the large eggs 
of Mallee Fowl (Leipoa ocellata) and Ruddy Ducks 
hatched because of their ability to retain and generate 
heat. Friedmann reasoned that if embryos of the 
Black-headed Duck, Ruddy Duck, and the Redhead 
had this ability, eggs which were only partially ineu- 
hated by the host would be able to hatch. However, 
the basic assumption has been disproven by Fri:n 
(1954) and others. 

Friedmann’s second theory was that parasitic fe- 
becoming more “male-like”—in other 
This theory seems more tenable. 





males were 


words, non-broody. 


DETERIORATION OF MATERNAL INSTINCTS 

The development of parasitism is characterized 
primarily by a loss of parental or maternal behavior. 
The maternal or brooding drive results from the ae- 
tion of the pituitary hormone, prolactin (Riddle, 
Bates & Lahr 1935). This hormone stimulates ineu- 
bation, stops ovulation, and induces the flow of crop- 
milk in doves (Riddle 1937). Its action is through in- 
hibition of follicle stimulating hormone, thus causing 
ovarian regression and cessation of laying (Bates, 
Riddle & Lahr 1937, Nalbandov, Hochhauser & 
Dugas 1945). It has been shown that pituitary glands 
of brooding female chickens (Byerly & Burrows 1936) 
and gulls (Bailey 1952) contain more prolactin than 
those of non-brooding females, and that pituitary 
glands of more broody races of fowl contain more 
prolactin than those of less broody races (Burrows & 
Byerly 1936). In domestie fowl, poultrymen have 
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been able to select for broodiness in some races and 
non-broodiness in others. Presumably, there has been 
natural selection against broodiness in Redheads. 

The chief failing of the parasite, however, is in 
the lack of synchronization of egg laying and nest 
construction. Unfortunately, factors controlling nest 
construction are poorly understood. Nest bulding has 
been associated in a general way with the time of most 
rapid development of the ovary (Howard 1929:12, 
25, Riddle 1937, Schooley 1937, Emlen 1941), but 
little work on endocrine influence has been reported. 
Injections of testosterone in Black-crowned Night 
Herons (Nycticorax nycticorax) (Nobel & Wurm 
1940) and (Shoemaker 1939) induced 
toying with nest material but this was certainly re- 
lated to courtship rather than nesting for only unin- 
jected control birds nested in Shoemaker’s experi- 
ments. 

Kven 


in canaries 


factors stimulating and 


classified as 


known of 
controlling Laying 
spontaneous or non-spontaneous by Matthews (1939). 
In spontaneous ovulators, like the domestie fowl] and 
cuckoos (Davis 1942) no elaborate courtship is needed 
to induce laying, while in non-spontaneous layers, 
like pigeons, displays are required. The role of court- 
ship in inducing laying is difficult to assess and much 
additional work is necessary; its importance in syn- 
chronizing laying and nest construction also is un- 
known. Craig (1913) found that the sight of eggs 
in a nest could induce ovulation in doves but further 
experimental evidence is needed. 

No suggestion has been made as to how the various 
phases of nesting behavior are synchronized. It is 
probable that a delicate balance exists between them— 
anything affecting one probably influences all. Collias 
(in litt.) suggests that prolactin may be one of the 
more important influences, broodiness being increased 
with each egg laid until laying stops. But the mecha- 
nism which first elicits nest building is unknown. It 
is ironic that too little is known of the physiology of 
normal nest behavior to understand how changes have 
taken place in aberrant species. 


less is 


laying. has been 


EvoLUTIONARY PATTERN OF DEVELOPMENT 


Whatever the immediate cause, the deterioration 
of normal nesting behavior probably results in the 
following sequence of events. First, egg laying and 
nest building lack attunement. Because of the ap- 
parent stimulus to a laying female afforded by nests 
of other birds, she may lay in these nests rather than 
on the ground. Thus egg parasitism is developed. 
The drive to build a nest then develops and nesting 
follows. All degrees of parasitism may exist, some 
individuals being motivated to nest sooner than others 
and thus lay fewer eggs parasitically. Makatsch 
(1955 :226) apparently did not regard egg parasitism 
as important but it seems a logical precursor to the 
deterioration of a well established instinct like nest 
construction. 
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Such variation in synchronization of laying and 
nest construction is common in many birds but it is 
the presence of suitable hosts which really determines 
the success of eggs laid parasitically. Ecological 
associations of host and parasite in similar niches, 
synchronization of laying cycles of host and parasite, 
the reaction of the host to foreign eggs, similarity in 
length of incubation periods, similarity of food habits 
of the young, presence of comparable releasers needed 
for survival of the young parasite, are but a few fac- 
tors which could determine whether a parasitic tend- 
ency is perpetuated. Future research should empha- 
size the host as a major cause in the development of 
parasitism. 

In the degeneration of normal nesting, eggs laid 
early in the season in nests of suitable hosts would 
probably have a high survival rate and perpetuate 
the non-broody or semiparasitic strain. Because semi- 
parasitic females also nest and rear young with the 
same genetic make-up as the young reared by foster 
parents, semiparasitism might spread and_ evolve 
rapidly. The parasitically laid eggs must come to 
have a better survival rate than eggs laid and brooded 
by the semiparasite if parasitism is to develop. 

Special adaptations for parasitism, such as ability 
to lay eggs in a few minutes and avoid the host, and 
adaptation of the female and the young parasite to 
reduce nest competition by eliminating the competing 
voung could develop simultaneously with the parasitic 
habit. 

The second stage in the loss of normal nest be- 
havior 
is a loss, or 
so that nests of other species are used for rearing 
young when parasitic laying ceases (nest parasitism). 
Aithough often cited as nest parasitism, the use of 
old nests by otherwise normal species, such as the 
owls and hawks, is probably not comparable. But 
constant use of old nests by a species which is ab- 
normal in laying habits and not broody, such as the 
Bay-winged Cowbird, characterizes this stage. 

The final stage in deterioration of nesting behavior 
occurs when the hen fails completely to construct a 
nest or become broody and lays all eggs parasitically. 
In altricial species, the drive to feed young probably 
disappears concurrently with the drive to brood eggs. 
In precocial species, the drive to protect the young 
by brooding or injury feigning deteriorates, as seen 
in the Redhead and Ruddy Duck. 

Aggressiveness of the host during incubation 
might foree the parasite to lay eggs only prior to 
incubation; thereby the pattern of laying a single 
egg prior to incubation would develop as it has in 
perfected parasites such as cuckoos. 

Once there has been a deterioration of nesting 
habits, and females are no longer closely associated 
with one nest, secondary modifications of territorial 
defense and other associated with nesting 
might oecur. 


and the development of parasitism apparently 
reduction in the ability to construct nests, 


behavior 
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COMPARISON OF THE REDHEAD 
OTHER SPECIES 


WITH 


Perhaps there is no one reason for the develop- 
ment of parasitism in various groups of birds, but 
the pattern of modification of basic nest behavior 
should be similar. The stages deseribed above are 
not only present in the Redhead and Ruddy Duck 
but seem to exist in other species with aberrant nest- 
ing habits. 

The Bay-winged Cowbird usually uses an old nest 
for rearing its young but it may also lay in the nests 
of other birds (Hudson 1920, 1:113) or construet its 
own nest. Moreover, Friedmann states (1929a :353) : 
“The female is always quite bold and fearless when 
away from the nest, but very shy and nervous when 
incubating.” She also has “very little desire” to pro- 
tect the eggs once they are laid. 
is at a slightly more advanced stage than is the Red- 
head, with nest parasitism rather than egg parasitism 
predominating. However, Friedmann (in litt.) has 
found no evidence to support this suggestion. 

Proportionate to population size, more cases of 
nest parasitism have been cited in the Ruddy Duck 
than in the Redhead but further knowledge of its 
breeding biology is necessary before any conclusion 
can be drawn. 

Makatsch (1955 :226) believes than communal nest- 
ing in the Crotophaginae represent a stage in the 
development of complete parasitism. Whatever its 
nature, nesting behavior in this group is obviously 
greatly modified by adaptations for a life. 
Daguerre (1924) suggested that parasitism of one 
pair by another was the cause of communal nesting 
while Davis (1942) believed that females were host- 
specific to their own species. He objected to Da- 
euerre’s conclusion because he found no evidence that 
normal and parasitic phases existed in the population. 
The existence of several phases within a species has 
been demonstrated for the Redhead, however, and 
adds support to Daguerre’s hypothesis. 

Many features of the nest behavior of the Guira 
Cuckoo resemble those of other semiparasitic species: 
pairs predominate and one pair is usually more active 
in nesting than are other members of a flock; thus 
it seems possible that some birds are nearly normal 
in nesting while others may be parasitic. Moreover, 
females commonly lay eggs on the ground and in 
nests of other birds, lay before the nest is finished, 
and sometimes nest independently of flocks, desert 
nests, and are indolent in care of the young. The 
Smooth-billed Ani seems to show less of this erratic 
behavior than does the Guira and is apparently in 


Perhaps this species 


social 


a more advanced stage in the development of com- 
munal nesting. 

The Crotophaginae are conspicuously social. It 
is of interest that nearly all parasitic birds are gre- 
garious except cuckoos, which have developed a terri- 
tory (secondarily) in which eggs are distributed. Red- 
heads and Ruddy Ducks are no exception, pairs being 
gregarious even during the breeding Nests 


season. 
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of Redheads are often so close that the species has 
been called colonial or communal. 

Gregariousness in some parasitic species may have 
developed because of the lack of a need for territory 
but it well may have been present in the Croto- 
phaginae (Davis 1940a, 1940b). Therefore, the de- 
terioration of breeding habits in the female is proba- 
bly similar to that resulting in the evolution of para- 
sitism but 
parasitism us Daguerre (1924) suggested. 

A possible pattern of development of parasitism 
and communal nesting is shown in Figure 14. 


social habits may have caused communal 


THE FUTURE OF PARASITISM IN WATERFOWL 

Several traits of the Anatidae indicate that para- 
sitism may not become as successful a means of repro- 
The close 
attunement of laying and nest construction in poten- 
tial hosts gives the parasitic duck less time to find a 
nest prior to incubation than parasites of passerine 
birds usually have. Once incubation has started, most 
host females are not sufficiently aggressive to prevent 


duction in waterfowl as in other families. 


intrusion by a parasitizing hen, and eggs so laid are 
not incubated long enough to hatch. A tremendous 
loss results, for such eggs can make no contribution 
of parasitic individuals and hence to the evolution of 
parasitic behavior in the species. 

Territoriality in ducks is often weak and the area 
defended usually does not include the nest, although it 
may (Dzubin 1955). Territorial defense is not of 
great importance from the standpoint of parasitism 
because such defense is primarily intraspecific, but 
lack of defense does permit ducks to nest close ‘to- 
gether, thus increasing the chances of parasitism by 
many females. Territoriality in the parasite, as found 
in cuckoos, would seem a necessary adaptation in 
ducks if parasitism is to become successful. 

Apparently, the Black-headed Duck has become 
an obligate parasite but its laying in nests of unre- 
lated birds with greatly different habits indicates that 
its parasitism is not perfected. The species is not 
abundant and has a low reproductive potential. 

The unusual breeding habits of the Redhead ac- 
count for the fact that it is not one of our most com- 
mon ducks and probably has not been for many years. 
It does not adapt easily to modified conditions and, 
may be easily decimated by hunting (Hochbaum 
1946a). As Hochbaum (1946b) aptly stated of its 
parasitic inclination: “It cannot be controlled, but it 
has a bearing on policy.” The status of this species 
must be closely watched by management. Legislation 
providing deferred openings of hunting seasons may 
help protect the young on the breeding grounds (Wet- 
more 1921, Williams 1944, Hochbaum 1946b). Be- 
cause of the heavy gunning pressure suffered by Red- 
heads in the Lake States, and in the wintering areas 
in Chesapeake Bay and coastal Texas, the closing of 
shooting seasons on this species during periods of low 
population levels may be feasible. It is a species of 
unique interest and one from which ornithologists 
may learn much in future years. 
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Hypothetical pattern of the loss of maternal drives resulting in the development of obligate 


parasitism and communal nesting. Each stage represents the dominant behavior pattern present at various 
levels of evolution, since all stages may occur concurrently. 


SUMMARY 


Parasitic egg laying in the Redhead and other 
waterfowl was studied in the Delta Marsh in southern 
Manitoba and in the Knudson Marsh in Utah. 

Parasitizing females located nests of hosts by 
searching the vegetation and probably by following 
the host, or other parasitic females, to the nests. They 
did not lay in artificial nests. That the Redhead is 
not a highly adapted parasite is indicated by the fact 
that four minutes are required to lay an egg and some 
normal nest movements occur during laying. Eggs are 
laid parasitically at all hours of the day but more are 
deposited in the morning than afternoon. The aver- 
age number of eggs laid by each parasitic female in 
the Knudson Marsh was 10.8. As many as 13 hens 
were trapped on one host’s nest but 3 or 4 was the 
usual number. This explains how clutches of as many 
as 87 eggs are formed. More than half of the para- 
sitie eggs were laid after the host had started incuba- 
tion and thus were destined not to hatch. 


Both adult and yearling birds were trapped while 
parasitizing nests. None of the 42 females trapped 
while parasitizing a nest had a brood patch; thus none 
had nested or was nesting during the period of para- 
sitism. 

Parasitism preceded nest initiation in the Redhead. 
Five to ten percent of the females nested before para- 
sitie eggs were found and thus could not have been 
parasitic. Some females must have been completely 
parasitic for parasitism continued throughout the 
nesting period. Only one-half of the Redhead popu- 
lation in the Knudson Marsh attempted nesting in 
1955. Among 40 parasitizing females trapped, marked, 
and released, 2 were later found nesting and 2 were 
seen among loafing pairs which apparently did not 
nest. 

Nest parasitism, as well as egg parasitism, was 
found in this species. Clutch sizes reported in the 
literature vary from 9 to 14 because of intraspecific 


parasitism. Unparasitized nests examined in the 








October, 1959 


present study showed that the true clutch ranged from 
5 to 9. Small elutches have been considered renests 
by other workers but no evidence was found that re- 
nesting occurs in this species. 

Behavior of nesting Redheads during incubation 
is similar to that described for the Mallard and Can- 
vasback. At hatching, females seem to take excellent 
care of the young. After the hatching period, the 
female’s brooding drive wanes. Feigning behavior is 
poor and is usually restricted to the newly hatched 
brood. Both the semiparasitic Redhead and the 
Ruddy Duck desert their broods earlier than do other 
diving ducks or dabbling ducks. 

No relation was found between cover quality and 
the degree of parasitism. The contention among other 
workers that changing water levels increases nest 
losses and parasitism was not supported in this study. 
Parasitism. was found to precede nest initiation; 
therefore, nest losses could not seriously affect its 
intensity. The degree of parasitism was influenced 
by the chronology of nesting of the host and the 
parasite. The most important factor influencing the 
degree of parasitism was the ratio of hosts per para- 
site. When this ratio increased by 20%, there was 
a proportional increase in the average number of 
parasitic eggs laid per nest. Females seem to have 
averaged the same number of eggs in 1950 and 1955 
despite the tremendous decline in nesting cover quality 
and Redhead population density. 

If the host is on the nest when the Redhead comes 
to lay, she pecks the parasite but usually cannot deter 
her. The host will accept any foreign egg which re- 
Some are occasionally buried but 
Desertion is a common re- 


sembles her own. 
much of this is accidental. 
action to constant parasitic intrusion and it is most 
common in the non-broody and semiparasitic Redhead 
and Ruddy Duck. Broodiness of nesting birds was 
measured by flushing distances and showed the ineu- 
bation drive stronger in Cinnamon Teal, Mallard, 
and probably Canvasback, than in the Redhead. From 
the literature, it is apparent that the Redhead and the 
Ruddy Duck desert their nests more readily than do 
any other species. 

Parasitism reduced the number of eggs laid by the 
host by 20% and decreased both egg and nest success. 
But this was not measurable until 60 to 70 percent 
of the nests were parasitized and 4-6 eggs were added 
per nest. Such a high incidence of parasitism seldom 
occurs and the effect of this behavior on most water- 
fowl production could not be great. Because the 
breeding range and habitat preference of the Redhead 
coincides with that of the Canvasback, this species 
suffers most from Redhead parasitism. 

At its present stage, parasitism is no asset to the 
Redhead. Approximately half the population never 
nests and the success of parasitically laid eggs and 
normal nests is poor. In addition, the late nesting 
results in high mortality of young during the hunting 
season. 

The parasitic habits of the Redhead are a natural 
consequence of the deterioration of maternal] instinets. 
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The exact cause of parasitism is still unknown but 
the host, more than the parasite, may be of chief im- 
portance in the successful development of parasitic 
laying. Three stages seem apparent in its develop- 
ment: egg parasitism, nest parasitism, and complete 
or obligate parasitism. 

It is conceivable that reproduction by parasitism 
will not be successful in waterfow] as in other groups 
because of several characteristics of the host’s nesting 
cyele. 
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INTRODUCTION 

When man first begins to harvest regularly a pop- 
ulation of organisms, annual production of living tis- 
sue is typically far in excess of yield (removal). 
There is little motive for interest in factors govern- 
ing productivity of the resource, which is clearly more 
than able to replace the crop each year. 
upward trend in harvest follows progressively more 


A general 
intense exploitation. The greater removal becomes 
relative to population productivity, however, the more 
year-to-year fluctuations in the latter are reflected by 
the former. Finally, annual fluctuations in yield be- 
come of sufficiently wide amplitude to create economic 
distress in the harvesting industry which has become 
of high capacity. At this time, man becomes con- 
cerned with factors affecting productivity of the pop- 
ulation, and more particularly, the relative importance 
of his own cropping. 
array of natural resources manifest symptoms sug- 
gesting that ability to replace the annual crop may 
have been impaired by over-exploitation, the need for 
fundamental studies on productivity of biological 
populations becomes acute. 


As a continuously increasing 


The present analysis has been conceived as fulfill- 
ing three functions. First, it is intended as one proj- 
ect of a series designed to gain insight into principles 
governing population productivity. A second aim is 
to compare, test, refine, and where necessary develop 
methods useful in predicting and maximizing yield of 
systematically exploited living populations. Third, it 
is planned in a different context to answer a question 
of concern to administrators confronted with the 
problem of management of a sport fishery for small- 
mouth black bass: does existing legislation allow for 
maximum sustained yield? 

The considerable number of people who have con- 
tributed to the project exemplifies the great amount 
of labour necessitated by an intensive analysis of a 
natural resource. First, I am indebted to Dr. F. E. J. 
Fry, the Director of the South Bay Laboratory, for 
advice. Mr. John Budd, resident biologist at the 
Laboratory, and Mr. and Mrs. William Chapman were 
very generous with their time in familiarizing me with 
the South Bay program and in other ways. Tagging, 
sampling and creel census chores were performed over 
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the last decade by D. Cavin, D. Cucin, D. Curran, G. 
Finley, J. Fraser, K. Irizawa, J. Kennedy and B. 
Wilson. The seales have been re-read and measured 
recently by Mrs. E. Jermolajev, A. Kaufman and 
Miss D. MeLennan, as well as the author. Some of 
the punched card computer codes were developed in 
1949 by Dr. D. Teichroew. Subsequently, punching 
of information on to cards was performed by J. 
Fraser, K. Irizawa, J. Kennedy, and the Mechanical 
Tabulating Office of the Ontario Treasury Depart- 
ment. Mr. J. Hood, Manager of the Office, facilitated 
the analysis greatly through his enthusiastic coopera- 
tion. Finally, I am indebted to my conscientious as- 
sistant throughout the terminal year of the analysis, 
Miss A. Boone, who helped with clerical work, scale 
rolling, computation and typing. Data used for anal- 
ysis in this study were collected over the period 1947 
to 1956 by the Research Division, Ontario Department 
of Lands and Forests. Electromechanical and elec- 
tronic punched ecard data processing equipment have 
been used throughout this study. The International 
Business Machine Company’s type 075 Card Count- 
ing Sorter, type 402 Tabulating Machine, type 602— 
A Caleulating Punch, and type 650 Magnetie Drum 
Data-Processing Machine (stored program electronic 
computer) were particularly helpful. Mr. N. S. 
Baldwin, and Drs. K. D. Carlander, G. P. Cooper, P. 
Eschmeyer, F. E. J. Fry, Ralph Hile and Mr. S. J. 
Holt have kindly read the manuscript. 


THE POPULATION AND ITS HABITAT 


The locale of the population used for this analysis 
is South Bay, an arm of northern Lake Huron ex- 
tending into the south-east shore of Manitoulin Island. 
The bay has an area of 20,000 acres, a maximum 
depth of 32 fathoms, is 16 miles long and about 2 
miles wide. 

The smallmouth bass, Micropterus dolomieui Lacé- 
péde, is a game fish of warm fresh water. It is 
typically caught by anglers in 8-30 ft of water, near 
the margin separating the boulder-covered littoral 
zone from the drop-off into deep water. Adult bass 


in the bay feed mostly on crayfish which inhabit the 
littoral zone. 
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Smallmouth bass in South Bay are excellent ma- 
terial for a study on population productivity for a 
number of reasons: 

1. The population has been netted experimentally, 
tagged or clipped, and subjected to an intensive 
creel census for ten consecutive years. A consid- 
erable body of accurate catch per unit effort data 
has accumulated, together with scale samples and 
data on lengths, weights, stomach contents and 
sexes. An average of 539 scale samples suitable 
for measurement has been collected from the 
anglers’ catches each year in addition to scales 
collected from netted bass. 

. A considerable body of background work has al- 
ready been done on analysis of the population 
data (Fraser 1955, Fry & Watt 1957). 

3. South Bay is connected to Lake Huron by a nar- 
rows only 712 ft wide. Table 1 shows that bass 

originally marked in South Bay are (10.5/.45) = 

23 times as abundant amongst the landed catch 
from inside as from outside the narrows, and 
hence South Bay may be regarded as an essen- 
tially isolated population. 

Due to the variety of types of data collected, 
values of certain population parameters can be 

estimated in two or more ways, each dependent 

on different assumptions. This allows for cross- 
checking and permits a greater degree of confi- 
dence in conclusions. 

The first study in this series (Watt 1955) was 

concerned with effects of changes in intensity and 

age distribution of exploitation on population 
productivity. The present analysis constitutes 
the next logical step in a sequence of productive 
systems of increasing complexity. In South Bay 
smallmouth bass, year-to-year changes in pattern 

o. exploitation and one environmental factor, 

temperature, account for almost all year-to-year 

variation in productivity. 


bo 


a 


or 


VITAL PARAMETERS OF THE POPULATION 
This section of the paper provides estimates of 
vital parameters which constitute part of the input 


TABLE 1. Emigration of marked bass from South 
Bay. (1) Number of bass examined. (2) Number of 
examined bass with tags or clips. (3) Percentage of 
examined bass with tags or elips. 





| 
Bass caught by | Bass caught by 
anglers in South || anglers in Lake 
i | 





Bay Huron 
Yer | (1) | @) | 8 | @ | @ | (3) 
1952*..... | 719| 88 | 12.2 || 287 | 1 | .35 
1953. . | 783] 77 | 9.8]| 203] 1 | .49 
1954... 944 94 | 10.0 | M3) 1 | :70 
1955...... 1011 | 103 | 10.2 || 253 | 1 | .40 
Totals......| 3457 | 362 | 10.5 | 886 | 4 | 45 
| | 








rm Few bass caught in Lake Huron were examined by laboratory staff prior to 
1952, 
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data necessary for solution of four types of produe- 
tivity models treated in the next section. Any factor 
contributing towards regulation of biomass productiv- 
ity in a fish population can affect the stock through 
natality, survival or growth. Hence the first step in 
studying population productivity must be to evaluate 
these dependent variables for each year of life of 
each year class, if possible. 

Immediately we are confronted with the major 
technical difficulty of fish population dynamics. Popu- 
lation parameters are not directly measurable in large, 
mobile populations, but must be deduced from sta- 
tistics which are typically severely biased, using 
mathematical techniques based on a plethora of as- 
sumptions which are difficult to check. In the present 
study, diverse types of data were available, allowing 
for several estimates of the same parameter using a 
variety of techniques based on quite different assump- 
tions. Since different estimates were often apparently 
irreconcilable, I shall consider in some detail the as- 
sumptions on which different estimating procedures 
are based, with a view to examining sources of bias 
in fish population statistics, and outlining procedures 
for correcting these. 

In order to evaluate mean growth of members of a 
year class from one year to another, we must know the 
mean weight of all the members of the year class at 
some prespecified time each year. Throughout this 
study we will take the birthday of all members of a 
year class as June 1. The date was selected for com- 
putational convenience and does not have any biolog- 
ical significance. ‘4-yr-old bass” will mean a bass 
that has reached the June Ist preceding its 5th sum- 
mer. 

It is commonly understood that members of a year 
class which are caught in year t yield a biased esti- 
mate of mean weight or length of the entire year 
class still extant in year t. This bias is caused by 
gear selectivity, which generally selects larger fish. 
A phenomenon homologous to gear selectivity operates 
in a sport fishery, because while fishermen may take 
some small fish, they generally try to avoid catching 
these and, if they do, throw them overboard because 
of disgust or a legally imposed minimum retainable 
length. Since the 4-yr-old fish in this study were 
generally partly over and partly under the minimum 
legal size of 10 inches fork length in any year, only 
the larger fish were caught. The same phenomenon 
operated for 2- and 3-yr-old fish, where only a few 
fish very large for their age were retained. The bias 
in estimates of mean length or weight of a year class 
is worse when the year class has had poor growth due 
to a succession of cold seasons. In such a ease, only 
a very few of the fish will be large enough to be re- 
tained legally (or caught by the meshes, in the case of 
a commercial fishery), and the estimate will be even 
more badly biased upwards than it usually is’ when 
only the fish caught at 4 years of age are used to 
estimate the mean size of the fish extant at 4. 

A better estimate of mean weight than that ob- 
tained from onlv the landed fish may be obtained by 
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back calculation of sizes using measurements of 
annuli on fish seales. That is, we get one estimate 
of mean weight of 4-yr-olds at time of annulus for- 
mation in year t by back-caleulating weight at annulus 
formation from weight at capture, scale radius at 
capture, and scale radius of the 4th annulus, from the 
4-yr-olds caught in t. Similarly we get another esti- 
mate of mean weight of 4-yr-olds at June 1st in year 
t by back-caleulating from 5-yr-olds caught in t+1, 
6-yr-olds caught in t+2, and so on. This gives an 
estimate based on both fast-growing and slow-growing 
members of the year class, and hence tends to be a 
more accurate estimate of the population parameter. 

However, even this level of refinement can produce 
spurious results. If the extant members of a year 
class 4 years old in year t suffer heavy natural mor- 
tality after the fishing season in t, very few members 
will be caught in t+1 and subsequent years. Hence 
the estimate of mean weight will be biased upwards, 
because it will be largely based on the fastest growing 
members, few slow growing fish of the year class have 
lived long enough to be caught and sampled for in- 
clusion in the estimate. 

This leads to the ultimate possible refinement in 
estimates of mean weight for a year class at time t. 
Suppose we want to find mean weight of all 4-yr-old 
fish present at time t at age 4 (i.e. June 1). We can 
take a weighted mean, 


C We + 4D Wo + sC sWe + sD sWp aR 

| i S| a le, CA a i, a 

where ,C represents the number of fish in the year 
class caught at age 4, 





4We represents the mean weight at age 4 of the 


fish in the year class caught at age 4, 


~ 


represents the number of fish in the year 
class dying at age 4 of mortality factors 
other than fishing, 


4l 


represents the mean weight at age 4 of the 

fish in the year class caught at age 5, 

5C represents the number of fish in the year 
class caught at age 5 in year t+1, 

and so on in the same fashion. 


In practice, we do not know the mean weights of 
fish dying naturally. Hence we must assume that if 
4-yr-olds are incompletely vulnerable due to gear 
selectivity, the mean weight of the fish dying natur- 
ally at 4 is the same as that of the fish caught at the 
first age for which the year class was completely vul- 
nerable to being captured or legally landed (depend- 
ing on whether we are dealing with a commercial or 
sport fishery). Similarly, for all ages at which the 
year class is completely vulnerable, mean weights of 
fish dying naturally must be taken as equal to mean 
weights of fish landed. 

We have established that population estimates are 
a prerequisite for obtaining unbiased estimates of 
mean weight and, from these, estimates of growth 
rates. Hence we must now turn to a consideration 
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of methods for obtaining unbiased estimates of popu- 
lation size. 

A maximum of 4 steps may be necessary in order 
to determine size of a fish population. (1) We must 
obtain an accurate estimate of landed catch. (2) Co- 
efficients must be obtained by which landed catch esti- 
mates of numbers in each year class are multiplied to 
yield estimates of total number of fish in each year 
class which would have been landed if all members of 
the class were big enough to be landed. Since fish 
not caught (because of mesh selectivity or behavior) 
or those caught and thrown overboard are all non- 
vulnerable to being landed because of small size, I 
call these coefficients vulnerability corrections. (3) 
After landed catch is corrected for non-vulnerability 
available population is calculated from the result 
using standard techniques for population estimation, 
or modifications of these. It may be necessary to 
distinguish between total extant population and avail- 
able population, because only part of the extant pop- 
ulation may be present on fishing grounds at the same 
time as the fishermen. This can certainly happen in 
the case of oceanic fisheries, for a variety of reasons 
associated with migration behavior. In the case of 
sport fisheries, only part of the extant population may 
be available, for two reasons. First, smallmouth bass 
in South Bay school by age (Watt 1956), and it seems 
reasonable to assume that an experienced guide or 
angler would move to another fishing ground if he 
caught two small fish in succession. Second, it is quite 
conceivable that knowledgeable anglers know where 
large fish may be caught regularly and direct most of 
their fishing pressure against these sites. Thus there 
are a priori reasons to assume that angling effort 
against different age groups is unequal, and the net 
effect may be to make the number of young fish ac- 
tually ava:lable to capture considerably less than the 
total extant population of young fish. Methods for 
assessing the effect of availability will be taken up 
later. (4) Finally, the extant population of fish of 
each age in each year must be computed from the 
available population, by multiplying the estimates of 
available population size by the availability corree- 
t.ons. 

We shall now proceed with details on the four 
)stimated 
per unit effort of bass of each age landed by anglers 
in South Bay during the period 1947-1955 are given 
in Table 2. It will be seen that vulnerability of 4-yr- 
olds landed each year is small in the light of the num- 


steps in population estimation. catches 


ber of 5-yr-olds landed the following year, and hence 
there must be size selection operating on 4-yr-olds. 
This was due to a 10 inch fork length minimum legal 
size in force until 1955, and an 11 ineh total length 
minimum legal size in force in 1955. The same phe- 
nomenon is seen to be operating in figures on mark- 
recapture estimates or estimates of total landed catch. 
The correct length frequency curve for incompletely 
vulnerable age groups has been generated using back 
calculation from scale measurements; the length fre- 
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quency curve can in turn be used to obtain a vulner- 
ability correction. 


TABLE 2. Catch per unit effort of bass in South Bay. 
Four year old figures not corrected for low vulnerability.1 























| 

| Catch per weighted rod hour of fish of 

stated age 

Year =e 

) 4 ] 5 6 7 8 9 
“ae | .171 | 439 | .555 | .068 | .080 | .035 
1948...... | .146 | .300 | .271 | 205 | .031 | .025 
1949... 057 | .149 | .180 | .159 | .079 | .010 
1950....... 245 | _078 | 106 | .069 | .059 | .009 
1951... 750 | .151 | .021 | .041 | .027 | .014 
1952. . 368 | .748 | .065 | .009 | .008 | .014 
ae 185 | .526 | .428 | .030 | .000 | .003 
1954..... 008 | .676 | .267 | .129 | .011 | .006 
1955... 011 | .012 | .536 | .075 | .038 | .006 

| | 





1 Readers will notice discrepancies between data in this paper and Fraser’s 
(1955). There are three reasons for such discrepancies. First, after he stopped 
work on the South Bay bass, misplaced data and scales were found of which he had 
not been aware. Second, twoscale readers will not obtain exactly the same age dis- 
tribution from the same series of scales. Third, Fraser assumed the creel census cov- 
erage was 85% complete in 1947 and 1948; I assumed it was 90% complete in those 
years, 


The rationale of the scale back-caleulation method 
for obtaining the size distribution of, say, 4-yr-old 
fish extant in year t is as follows. By back-calculat- 
ing from scale measurements we can get, from 4-yr- 
olds caught in t, their length distribution at time of 
4th annulus formation. We can also get the size 
distribution at the time of fourth annulus formation 
from the 5-yr-olds subsequently caught during t+1, 
and so on. All size distributions as back-calculated 
to time of 4th annulus formation are then pooled, and 
the resultant distribution gives a first approximation 
to size distribution of fish present at the 4th birthday 
of the year class. 

Following Lea (1933), I have worked with a seale 
radius-length relation stratified by age. Weights 
have also been back-calculated directly, rather than 
indirectly from back-caleulated lengths. The relations, 
which were semi-logarithmic, are shown in the lower 
halves of Figs. 1 and 2. The spurious straight lines, 
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which result when data for all ages are pooled, are 
shown in the upper halves of the two figures. 
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Fig. 2. The relationship between weight and scale 
radius. 


Before developing equations for back-calculation 
of fish lengths and weights, it is necessary to intro- 
duce and define certain symbols. 

al fork length (inches) of a fish of age a at time 

t. 


aW;, weight (ounces) of a fish of age a at time t. 

~L, fork length of a fish of age ¢ at time of cap- 
ture t. 

oW;, weight of a fish of age ¢ at time of capture t. 

abt radius of the annulus (cm X 40) on selected 


fish scale, corresponding to age a at time t. 

S, radius of the same scale as that on which the 
series of ,S; values were measured, and cor- 
responding to the age ¢ of the fish at the time 
it was captured, t. 


By regression analysis of the data, a series of 
equations of form 


In cL = cd + emeS (1) and 
In eW = cw + ev cS (2) 
were obtained. 

el, mM, .w and .v were constants derived from the 
regression analysis of the data for each age. As 
shown in Table 3 which gives statistics on the two 
families of curves, the values of the constants are 
different for each value of ¢. Physiologists may be 
interested in plots of 1, m, w and v values against age 
in Fig. 3, illustrating some sort of physiological dis- 
continuity between the 2nd and 3rd birthdays. 

We now assume that since (1) and (2) hold, there 
exist corresponding equations (3) and (4), as below, 
with the same constants (now written as ,l, ym, aW 
and ,v to indicate that we are referring to the fish at 


age a, not the age ¢, at which they were captured). 


In aLt = al + am (aSt) (3) 
In aWt = aw + av (aSt) (4) 


Back-caleulation of ,L, and ,W;, values is compli- 
cated, however, in that the constants .l, .m, .W and .v 
are obtained through regression analysis of the data 
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length-seale radius and weight-scale radius equations and 
age. 


pooled for a great number of individuals of the same 
age. These constants do not apply to each fish of the 
corresponding age. Hence a term must be introduced 
into equations (3) and (4) to correct for between- 
individual variation in the constants. The resulting 


TaBLE 3. The relationship between fork length and scale radius, and weight and scale radius. 
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modified equations will then be suitable for back- 
caleulation of lengths and weights of individual fish. 

The correction is based on the assumption that if 
an individual fish deviates x per cent from the line 
of best fit at, say 9 years of age, it will deviate by 
the same factor from the appropriate regression line 
at one year of age. This correction is derived as 
follows. 

If .m’ and.v’ represent constants for any indi- 
vidual fish, the correction factors for length and 
weight, respectively, from (1) and (2) are: 


em’ — (In ¢L’ — ol) /S’ aS 
ere — (5) and 
i 

ev’ (in cW’ —_ cw) /cS’ 
aie tel 6) 


To calculate 
at time t, that 
may use equations (7) and (8): 
From (3) and (5) 


In cL’ — el Q 7) 
al + — car J ar (4 
al + am em. cS’ ast 

alt 


From (4) and (6) 
(* eW’ — =) 
aW | aV iol ar aSt 


ev tS’ 


length and weight of a fish of age a 
was captured at ¢ years of age, we 


=e 


(8) 


aWt 


= 6 


The procedure was to store the series of constants 
in the magnetic drum of an IBM type 650 electronic 
computer, together with the program for solving 
equations (7) and (8). The data cards were then 
fed into the computer, one card for each fish. The 
input cards contained .L’, .W’ and .S’ values, to- 
gether with measurements of ,S; for every time of 
annulus formation, and reference material: age, year 


(All seale radii 
































x 40.) 
Statistics ON EquaTION In ceL=¢cl+cemeS Statistics ON Equation, In eW=cw+eveS 
Age at. |—_———-,——___, — = —_—_——||- = —_——— 
capture | | | Correla- | | | Correla- | | 
ce | Sample | | tion Sample | tion | 
size | ol | em | coeffi- | ¢x py size cW ev coeffi- t r 
faa 4 cient r n | | cient r 
a ||—_——_—__-|__—___—_|- | 
l......| 41 | 1.233 | 0810] .964 | 22.64] <.001 || 41 |-.919 | .235 | .932 | 16.06 | <.001 
Biss s22] 12 1.448 .0625 .968 12.19 | <.001 || 7 | —.088 | .173 894 4.46 | <.01 
eee | 332 2.009 .0230 .971 73:74) <.001 || 245 | 1.783 | 0427 | .765 18.52 | <.001 
ae | 1040 2.186 .0128 848 51.55 | <.001 | 613 | 1.914 | .0436 | .906 52.90 | <.001 
B...3...| 2602 2.231 .0141 .952 124.02 | <.001 || 1120 2.002 | .0479 | .942 93.85 | <.001 
By 1508 2.347 .0116 .954 123.49 | <.001 1225 2.265 | .0442 | .974 150.38 | <.001 
‘eee 456 2.433 .0104 .832 31.95 | <.001 || 324 2.773 | .0277 | .877 32.75 | <.001 
S:.. 152 2.558 .0059 .572 8.54 | <.001 || 131 2.935 | .0261 | .740 12.50 | <.001 
Bene. Al 60 2.640 .0047 .428 3.61 | <.001 || 42 3.429 .0106 | .243 | 1.58] <.20 
10... 22 2.762 |—.0006 |— .056 — .25 .80 || 23 3.939 | .0100 |—.175 | —.81| <.60 
Hu... 20 2.712 .0041 .367 1.67 .20 | 7 2.983 | .0359 .836 | 3.41 | <.02 
| | 
All Ages. 5235 1.982 .0318 .912 | 160.83 | <.001 | 3778 1.429 -0904 | .970 | 245.19 | <.001 
| 

















y P=probability that absolute value of correlation coefficient would deviate from zero this much by chance alone. 
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of capture and serial number. The computer caleu- 
lated ,L, and ,W; values for each ,S; value, using the 
appropriate .l, .m, .w and .v values for each age, and 
punched all the ,L, and ,W; values for each fish on 
a single output card, together with the reference data. 

Before using the back-caleulated lengths and 
weights as input data for subsequent steps of the 
analysis in this paper, it is advisable to check on the 
results of the back-caleulation equations insofar as 
possible. A possible means of validating back-cal- 
culations is to show that they comply with the follow- 
ing desiderata: (1) At certain ages (i.e. 2—6) not 
all fish of those caught, are large enough to be re- 
tained, due to the 10 inch fork length minimum legal 
limit that applied. Hence when we pool data on 
back-calculated lengths and weights of a year class, 
we should see that on an average, the fastest grow- 
ing members of the year class were the first to be 
caught and landed, thereby entering the field records. 
(2) In general, the more slowly a member of a year 
class grows, the later we would expect it to enter the 
records of fish legally retained and therefore to be 
included in the creel census sample records. Hence, 
for any year class, we expect a regular decrease in 
mean size at any age from the fish caught at that age 
to the last members of the year class to be caught. 
(3) As the age of capture approaches 7, the dis- 
crepancy between the size of fish of age a in year t 
caught in t and those caught in later years will be 
less. (4) If the scale back-calculations are not biased 
upwards for low ages, we expect the back-caleulated 
lengths and weights of one year old fish to be slightly 
smaller for fish caught late in life than for those 
caught at two and three years of age. 

The data comply with the above 4 specifications 
(Tables 4 and 5), and hence we may regard this 


TABLE 4. 
year classes. 
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method of back-calculation as proven accurate. In 
order to minimize the size of the tables, only data on 
the three largest year classes is given (i.e. the year 
classes for which sampling error will have least ef- 
feet in obseuring the validation). 

The technique for scaling the length distribution 
of the landed fish of 4 years of age in 1951 up to the 
length distribution of the extant 4-yr-olds in 1951 is 
laid out in Table 6. 

The area under each length-frequency curve of 
extant population was compared with the correspond- 
ing curve for landed catch by means of a planimeter, 
to obtain vulnerability corrections (area under the 
curve for extant population divided by that under 
the curve for landed population). Great differences 
in the corrections for various year classes are due 
to the fact that they passed through very different 
weather conditions in their second and third years of 
life. While the question of weather and growth will 
be explored at length in the next section, it seems in 
order to include here Fig. 4, which shows how vul- 
nerability corrections for 4-yr-old bass in South Bay 
are dependent on weather conditions during the see- 
ond and third years of life. 

Vulnerability corrections for 5-yr-old and older 
fish were so negligible as to introduce an unnecessary 
complication. Hence we can now proceed to tech- 
niques for assessing the available population. Vul- 
nerability corrections for 4-yr-olds are used in Tables 
7, 11, and tables not published but similar to Table 20. 

We may begin by obtaining minimum likely popu- 
lation estimates. This is accomplished by summing 
the contributions of a year class to the fishery back- 
wards, from the last age at which the year class was 
caught to the first. Estimates so obtained have been 
labelled “virtual” population estimates by Fry (1949), 


Validation of back calculation of lengths, illustrated by back calculations for 1947, 1948 and 1949 



































Mean back-calculated fork lengths (inches) at times of stated annulus forma- 
ation (i.e. birthdays) 
Year Yearof | Ageat | Sample | SS rianreiaiinneaanentinneieeeEEnEieieeieiee ; 
Class Capture | Capture Size | Ist 2nd 3rd 4th 5th 6th 7th 
| — | — | —_____|}—_ —_—— 
1947 1949 2 | 2 | 4.100 6.900 | | 
1950 | 3 | 100 | 4.307 | 6.286 | 9.552 | | 
1951 4 | 216 4.213 | 6.009 | 9.305 10.425 
1952 5 | 399 | 4.201 | 6.015 9.169 | 10.305 11.377 | 
1953 6 268 4.114 | 5.883 | 9.056 | 10.222 11.260 | 12.667 | 
1954 7 82 | 4.140 5.904 8.922 10.091 11.034 | 12.430 | 13.520 
1955 8 43 | 3.728 | 4.993 8.163 9.477 10.165 11.416 12.460 
1956 9 5 | 4.140 | 5.940 | 9.040 | 10. 200 11.220 12.620 | 13.840 
1948 1951 me 12 | 4.400 | 6.650 | 9.408 | #| oot, 
1952 4 192 | 4.270 | 6.257 9.053 10.251 
1953 5 332 | 4.165 | 6.102 8.923 10.152 11.323 
1954 6 166 | 4.122 | 5.861 8.784 | 10.020 11.102 12.425 
1955 7 86 | 4.101 | 5.963 | 8.863 10.066 11.142 12.588 | 13.697 
1956 | 8 8 | 3.875 | 5.513 8.575 9.813 10.713 12.063 13.213 
1949 gaa 3 4 | 4.425 a 075 | 9.100 i Ce | 
1953 4 116 | 4.259 | 5.712 | 8.753 10.173 | 
1954 | 5 426 | 4.192 | 5.533 8.552 9.959 11.013 | | 
1955 6 615 | 4.120 | 5.488 8.472 9.868 10.845 | 12.178 
1956 | 7 47 | 4,232 | 5.685 8.647 10.028 11.106 12.500 13.887 
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TABLE 5. Validation of back calculation of weights, illustrated by back caiculations for 1947, 1948 and 1949 


year classes. 





Mean back-calculated weights (ounces) at times of stated annulus formations 


| 
. 
(1.e. birthdays) 


Year Year of Age at Sample ——— —-- - - ——— 
Class | Capture Canvture Size Ist 2nd 3rd 4th 5th 6th 7th 
1947 | 1949 2 2 .665 4.000 

1950 3 76 .691 2.347 8.829 

1951 4 144 686 2.412 8.750 11.389 

1952 5 264 .736 2.544 8.977 11.572 15.371 

1953 6 212 694 2.399 8.774 11.307 14.887 21.231 

1954 re 53 714 2.334 8.453 10.811 13.906 19.642 26 .000 

1955 S 38 .726 2.263 8.447 10.895 14.105 19.658 26 . 263 

1956 9 3 .697 2.567 8.667 11.333 15.333 22.000 28 .333 
1948 | 1951 3 12 747 2.817 8.750 

1952 $ 110 756 2.734 8.573 11.036 

1953 5 274 714 2.574 8.361 10.774 14.639 

1954 6 136 .681 2.340 8.110 10.235 13.618 18.926 

1955 7 85 681 2.484 8.329 10.541 14.082 20.024 26.588 

1956 8 5 .654 2.140 8.200 10.200 13.400 18.800 25.800 
1949 | 1952 3 3 123 1.900 7.667 

1953 4 85 743 2.172 7.941 10.612 

1954 5 323 715 1.926 7.644 9.858 13.019 

| 1955 6 598 .671 1.839 7.448 9.594 12.388 17.184 
1956 7 28 413 1.925 7.571 9.714 12.321 | 17.500 25.107 


TABLE 6, Method of sealing the size distribution of four year old fish at time t that were subsequently 
landed in the year following time t up to the size distribution of extant four year old fish at time t. The 1947 
year class of bass in South Bay is used as illustrative material. Double vertical line between 10 and 11 inches 
represents length below which fish were not randomly vulnerable to being legally retained due to minimum legal 
size limit in sport fishery. 





Length distribution of year class| 


at time of fourth annulus forma- Number of fish in stated length class (inches) 
tion as back calculated from fish| ———— - ——-— - -— —— - a 
in stated year of life when | 5.0- 6.0- 7.0- 8.0- 9 .0- 10 .0- 11.0- | 12.0- 13.0- | 14.0- | Totals 
caught 5.9 oe | 2.8 8.9 9.9 10.9 11.9 12.9 13.9 14.9 
a eee 48 129 34 3 ] 1 216 
ee et eae 110 242 43 4 399 
Seventh 5 79 151 32 | 268 
Mith............ 4 26 15 6 1 82 
Ninth. . A ere aoe ] 2 7 21 10 | | 43 
Tenth..... 1 4 5 
ae ae 1 2-«| 16 285 581 116 10 1 1 | 1013 


Length distribution of number 
caught in fifth year of life x 
sealing factor (3.28)......... 157 423 116 oe | 3 ae 


Derivation of factor for scaling length distribution of fish landed in fifth year of life up to length distribution of fish in same 
year class landed in all years of life. 
L16+10+1+1_ 4 og 
34+ 3+1+1 ; 
and this term will be used hereinafter. Since our the following yielded any fish over 11 years of age, 
method of extrapolating to fill out the table is some- we can not use them to extrapolate beyond this age. 
what different from Fry’s it is laid out here in detail. The first step in extrapolating to the number of 11- 
Estimates of landed catch are in Table 7. The extra- yr-olds probably yielded by the 1946 class in 1957 is 
polating is presented in Table 8, which is built up as as follows. We add up the number of fish 4-10 yrs 
follows: The first year class we write down as a basis of age contributed by the 1943, 1944 and 1945 year 
for extrapolation is that of 1943, the first class for classes. This number was 1632. Since there were 
which we have figures on contributions down to and_ only 3 11-yr-olds contributed to the fishery, the best 
including four year olds. Since neither this class nor estimate we can make from our data is that 3/1632, 
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Fig. 4. Effect of temperature in second and third 


years of life on vulnerability correction for year class 
in fourth summer. 


or .00184 is the number of bass yielded to the fishery 
at 11 yrs of age for each bass yielded by the same 
year class up to 11 yrs of age. The 1946 year class 
yielded 659 fish up to 11 yrs of age, so its most likely 
contribution after 11 was 659 X .00184, or one fish. 
The figure one is placed back in the table, italicized 
to indicate that it is an extrapolation, not an observed 
quantity. In the same fashion we build up the table. 

Table 9 is derived simply by adding from age 14 
backwards, the contributions of the respective year 
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classes, including the extrapolated values in Table 8. 
The figures in Table 9 will be used in several ways 
hereinafter, but it should be noted that they repre- 
sent minimum possible population estimates. They 
constitute a criterion of validity against which other 
methods of assessing available population may be 
checked. This is because any technique of estimation 
which says that x 6-yr-olds were present in year t 
when x + y fish of the same year class were caught 
after t is patently spurious. 

Tagged or clipped fish were released in South Bay 
every vear. It is only possible to use mark-recaptures 
to obtain population estimates in certain years, how- 
ever, since in many instances one or more of the as- 
sumptions underlying the estimating procedure were 
violated. For example, in 1950 and 1951, no fins 
were clipped and there was consequently no means 
of assessing tag loss. The releases in 1947 were so 
small that the estimates were swamped by sampling 
error, and the tagging programs in 1947, 1948 and 
1955 violated the assumptions on which a Petersen 
program or a Schnabel program are based. (DeLury 
(1954) and Watt (1956) have at 
length assumptions underlying mark-recapture pro- 


discussed some 


grams.) However, it was possible to assess popula- 
tion size and age composition from anglers’ recaptures 
of net-released fish in 1952, 1953, 1954 and 1955, and 
from net recapture of net-released fish in these years 
and 1949. 

Before presenting the results of the mark-recap- 
ture computations, we shall discuss certain technic?’ 
difficulties, and the means used to circumvent the: 
Sometimes it is impossible to obtain either a Peters« 
estimate, because the proportion of marked fish in tu.; 
water is changing through the fishing period, or a 
Schnabel estimate, because the number of marked fish 
in the water is changing concurrently with sampling. 
In such circumstances, Watt (1956) has proposed the 


formula: 
t-—1 t—1 t 
No == nt [( = Xi- = 1) nt/xt_+ = oi] 
i=1 i=2 i=l 
= ao 


= 





TABLE 7. Raw Data for minimum population estimates. 























| Number of 
| fish in sample| Estimated | Vulnerability | Estimated number of fish of stated age in landed catch 

Year of | for which number of | correction for (4-yr-olds corrected for low vulnerability) 

Capture | scales were | 4-yr-old bass ee (eee ig eH pai 
| read landed 4{5|6).7| 8) 9 | 10/11] 12/13 | 14 | total 
| oe ee: ee Se ee ee eae eee 

Se 429 151 1.84 278| 388) 493) 60) 71] 31) ul 11) 3] 3) —| 1349 
| eee 581 200 2.59 518] 413] 373) 282} 43) 34} 22! i—i—|—| 
SSS 254 59 1.44 85| 153} 185) 163) 81) 10) 7; 3} — 3} — | 690 
ee 284 272 1.38 375] 86) 117] 76} 65) 10) 3) 3)—|—|—| 735 
eee 308 989 1.62 1602| 199) 27) 54| 36) 18) 5) 14) — - | — | 1955 
Te 643 630 2.05 1291/1279 112} 16) 13) 23) 7) 10) 3 —| 3) 2757 
ae 740 297 3.64 1081| 845} 688} 49} — 5| 3} 3] 3] — | — | 2677 
Sere 695 12 1.45 17/1062) 418) 202) 17; 10) 5 2| —| 2| — | 1735 
ee 914 17 1.31 22} 19) 854) 119} 60) 10) — | i] — | | 1) 1086 
ere 358 2038 — — i 31 ”| ” 39} oot fou tas Ge — 
| | 
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TABLE 8. Calculation of extrapolated catch estimates. 
| Mean number of bass 
Year Number caught in year after stated age caught after stated | Estimated number of 
Cas. i; > ait bee ay aoc SESS ESSE ——,—-———__——-—_| Age | age per bass caught bass caught after 
4 | 5} 6]7)] 8 |] 9 | 10) 11 | 12] 13 z= | to stated age stated age 
1943 | 151) 413} 185} 76) 36] 23 3) 2) O 
1944 | 200] 153) 117) 54) 13) 5 5 1 0} — 
1945 59} 86) 27) 16 0; 10 Oo} oO; — 
ere > | 410) 652) 320 146; 49 38) 8| | 1632 10 | 3/1632= .00184 00184(659) = 1 
1946 | 272) 199} 112} 49} 17) 10; O 1 659 
~ > | 682| 851) 441 195] 66 48} 8) 4! | 2283 | 9 | (8+4)/2283 .00526(3257) 
1947 | 989]1279| 688} 202} 60) 39) 17 3257 | = .00526 =17 
mae e + ioe eee: eee a —|—— —— 
> |1671/2130)1129) 397) 126) 87) 26] 5453 8 (87 +25) /5453 .02054 (2074) 
1948 | 630) 845) 418) 119) 62) 43 | 2074 = .02054 =43 
= |2301|2975|1547) 516) 188) 130) | 7339 | 7 | (188+130)/7339 .04333(2576) 
1949 | 297\1062| 854) 363| 112 | 2576 = .04333 =112 
= |2598/4037|2401| 879] 300 | 9036 | 6 | (879+300)/9036 13048 (62) 
1950 | 12) 19) 31) 8 62 = .13048 =8 
| 7 oe Bs [= _S. a in ae = ro <2 a 
Y (2610/4056) 2432) 887) 6666 5 (2432+-887) /6666 .49790(48) 
1951 17; 31) 24 48 = .49790 = 24 
Zz 2627/4087 2456 | | 2627 4 (4087 +2456) /2627 2.49067 (2038) 
1952 |2038|5076 | | 2038 = 2.4907 = 5076 
| at a it PS 
TABLE 9. Likely minimum (virtual) number of bass extant at beginning of stated year. 
Age 
Year of | a ee _— ae . Sie nina " - — = ee 
capture 4 5 | 6 7 8 | 9 10 1] 12 13 14 2 
1947... 889 | 1,017 | 887 133 | 115 | 59 | 11 14 3 3 as 3131 
1948..... 548 | 738 629 394 | 73 44 28 3 — - | 2457 
1949..... 198 | 348 325 | 256 | 112 30 10 | 6 — ee 1288 
1950... .. 660 | 139 195 140 93 31s 20 | 3 a ih, ; = 1284 
ae 3,274 388 53 78 64 28 21 | 17 — | 3 — 3926 
| ae 2,117 | 2,285 189 26 24 28 in| 16. | 3 - 3 4701 
1953..... 2,688 | 1,487 1,006 77 10 11 5 | an 6 | — —- 5293 
1954..... 70 | 2,391 642 318 28 10 6 | 2 _ 3 oj; => 3470 
ae 72 | 58 1,329 224 116 11 | ey lil 1 | — | 1 | 1812 
TOMO 6:5 7,114 | 55 39 475 105 56 | 1 | - 7849 
| ef — | ——___ = —_ —| - _—— —_ — | — —— 
Totals... | 17 ,630 | 8,906 | 5,294 2,121 740 308 | 112 62 | 18 | 4 
= = pias = | | 

















represents the number of fish extant im- 
mediately prior to the beginning of tagging 


where N, 


ny represents the number of fish in the sample 
examined for tags on day t 

X; represents the number of fish released with 
tags on day i 

M, represents the number of tagged fish caught 
and killed on day i 

X_ represents the number of tagged fish in the 
sample on day t 

C; represents the number of fish caught and 


killed on day i. 


It should be noted that the major weakness in this 
formula is that it does not take into account natural 
mortality. The longer the period over which release 
and recapture of tags occurs, the less accurate the 


estimate of N, will be. Application of the formula 
to the mark-recapture data on 6-yr-olds caught by 
anglers in 1955 is illustrated by Table 10. It will be 
noticed that the Petersen estimate is only 92% of the 
modified Petersen estimate, because of the violation of 
the Petersen estimate assumption with regard to con- 
stant proportion of marked fish. 

Population sizes and age structures for 4 years of 
the experiment as measured by anglers’ recaptures of 
clipped fish are presented in Table 11. Population 
estimates for 1955 have been worked out as in Table 
10 and confidence limits have been derived for the 
other 3 years using DeLury’s (1951) formula 1.13. 

It will be noticed that for ages other than 5 and 6 
the confidence limits are typically so wide as to render 
the estimates essentially useless. 
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TABLE 10. Mark-recapture estimate of number of six year olds present in 1955, from anglers’ recaptures. 
|CUMULATIVE TOTAL Numper| Marked | Marked | Estimate of 
jor MarKeD FisH RELEASED! fish | fish | | Marked | Population | Cumulative | population 
|——____,—_— ;————_| previously | extant | Sample | fish estimate number of | size at be- 
jrecaptured| t—1 | size | in at t fish killed ginning of 
| | and killed | 2 Xj nt | samples Nt today t clipping 
Date t Totals | by anglers| i=1 | ae t | period 
Nets | Anglers | t—1 | t-1 ;}t—-l | = Ci si No 
| > Xi] = Mi | —=z Mi 
| i=1 i=2 i=2 | i=l | 
a — = SS ee ee ee = -_ = — — = es jenna 
July 5...... | 174 | 174 174 | 35 1 6090 | 6090 
July 6... 181 18] 1 180 | 7 ] 1260 1260 
July 16.. 205 1 206 2 204 | 34 1 6936 90 7026 
Lh!) 212 1 213 3 210 | 13 2 1365 90 1455 
July 19..... 220 4 @l 5 216 | 27 3 1944 90 2034 
July 22......| 248 2 245 8 237 «(jC 4 4207 170 4377 
Jaly 23......) 281 3 284 12 272 | 2 2 272 170 | 442 
Remainder of| | | | 
season...... ios | S$ | ai 66M | 272 | 471 33 | 3882 400 | 4282 
Totals... . | 236 | | | oss | 47 | | | 
| & | | | | | ee | pawl 
Best estimate of No=Znt No_ 2,863, 160 _ 4998 
nt —ti«éO) = 
Petersen estimate of No=286 x 658 _ so04 
47 
TABLE 11. Population size and age structure from anglers’ recaptures. 
Number of fish clipped and Number of fish examined by | Number of clipped fish 
released field biologists | examined by field biol ogists 
Age = aa Ge | 
1952 | 1953 | 1954 | 1955 | 1952 | 1953 | 1954 1955 | 1952 1953 | 1954 | 1955 
De ee 1 ss 2 1 1 | | 
Ber eee seh sk eee 82 64 | 191 172 139 106 8 ee oe 
eee 292 218 | 244 | 418 361 | 355 33 32 | 30 | 
JE ee ear 31 180 | 93 | 286 22 215 | 173 658 3 7 | ie 47 
| SSPE SRO reer te 4 21 | 13 | 87 4 23 | 49 91 |] 1 3 5 | 16 
Ay eee 7 5 | 2 | 7 2 | 7 | 1 1 
Te ag teas bch 4 4 1 | 12 1 | 2 
_| ee 2 | 
Meo a asses Oech nua 1 | | 
hee ae! ae ete Res i > ee See Pee 
Population estimates (for | Population estimates of four | Upper and lower 95 per cent confidence limits (see text 
derivation see text) year olds corrected for low for derivation) 
vulnerability 
Age | | a glad pipes: = oy ae —T | vom 
1952 1953 1954 | 1955 | 1952 | 1953 | 1954 | 1955 | 1952 1953 1954 | 1955 
ee Cat RE | | 7 oe | . wae | 
ere 1800 | 1500 | 5100 3700 | 5500 | 7400 | 1043 | 5696 | 824 | 7364 2555 266 ,395 | Formula 
Bs. 3700 | 2500 | 2900 3700 | 2500 | 2900 | 2772 | 5555 | 1839 | 3712 | 2140 | 4438 not 
Se 230 | 1800 | 600 | 4400 | 230 | 1800 | 600 | 4400 | 145 | None | 1303 | 3148 | 454 969 | applicable 
Wiceeae 20 | 200 | 100 | 400 20} 200; 100; 400} 6|None| 78 | None 69 836 | 
| | See | | | | aa 























examination of mark- 
as obtained from net 


We shal! now proceed to an 
recapture population estimates 
recaptures of net-released fish. 

A priori, we expect to find three sources of bias 
that might affect population estimates so derived. 
First, there is the possibility that trap nets for small- 
mouth bass, similarly to the angling fishery, select 
fish on the basis of size. Such selection might have a 
mechanical basis (retention of large fish but escape 


of small fish through the meshes) or a behavioristic 
basis. Dr. Ralph Hile (personal communication) 
notes that large fish commonly refuse to enter “dark” 
or small-mesh trap nets. Second, nets may incom- 
pletely “sweep” the population of bass in the water 
area where they are set. Finally, numerous authors 
have noted that migration tendency in fish, marine 
and freshwater, is age-specific. Now if large, old fish 
tend to move about a great deal more than small, 
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young fish, the interpretation to be placed on popula- 
tion estimates depends on age of the fish. The popu- 
lation of old fish being effectively sampled by nets 
will be that cruising over a great expanse of water. 
The population of young fish being estimated by the 
nets may only represent those young fish whose home 
territory is within a few hundred yards of the net. 
We shall examine the data bearing on these three 
sources of bias in turn. 

We are aided in assessing the effect of size selec- 
tion by trap nets set in the spring, because we have 
obtained unbiased estimates of length distribution of 
fish of each age in the spring of each year from the 
work leading to Tables 4 and 6. Comparing the back- 
caleulated length distributions with those from the 
bass caught in nets, we find, as in Table 12, that the 
4-yr-old fish caught in nets tend to be smaller than 
one would expect if the nets were sampling the avail- 
able population randomly. Before we decide on the 
importance of size selection by the trap nets, let us 
examine some data on the effect of age on mobility 
tendency, in Table 13. These data have been compiled 
from fish released and recaptured bearing a numbered 
tag, and for which we had exact time and place data 
on release and recapture. We see that migration 
tendency inereases with age. In the last column of 
Table 13, I have derived relative probabilities of 
capture from the mean minimum distances travelled in 
miles per day. The derivation of relative probabilities 
is based on the assumption that the area of “sweep” 
of a net for an individual fish increases linearly as 
the minimum distance travelled in miles per day. If 
we were dealing with pelagic or benthic fish, rather 
than a littoral, coastline-hugging species the appropri- 
ate equation would be relative probability of capture 
= the square of the mean minimum distance travelled 
in miles per day, from the formula for the area of a 
circle, 


TABLE 12. Size distribution of four year old bass 
caught in trap nets during month of June in 1952, 1953 
and 1954, as compared with estimated length distribution 
of extant population from seale back calculations. 











Lenets Composi- | LenetH Composi- | Lenetu Composi- 
TION OF 4 YEAR OLD | TION OF 4 YEAR OLp | TION or 4 YEAR OLD 
Bass 1n 1952 Bass1n 1953 | ~— Bass tn 1954 
| —} 2 a — 
! 
Fork length | Caught in Caught in | | Caught in | 
(inches) trap nets | Extant | trap nets | Extant | trap nets | Extant 
Le 1 
8.0-8.9..... 37 4 16 | 13 
9.0-9.9..... 31 311 32 | ~(653 50 
10.0-10.9..... 9 | 419 9 | 512 | 12 | 12 
11.0-11.9..... 1 46 2 | vy | . t 3 
12.0-12.9..... 5 an or 2 | 
13.0-13.9..... = to 














In Table 14, an alternative method of obtaining 
the relative probability of capture is illustrated show- 
ing that age-specific migration tendency really does 
influence the age structure of the bass population 
caught by the nets. The net Schnabel estimates have 
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TABLE 13. Mobility tendeney in South Bay small- 
mouth bass (1949 and 1950 data pooled together for mi- 
gration analysis). 





] > 
Number of BA 





Mean minimum |_ Relative 
individuals distance travelled | probability 
Age used in Distance | Time | (miles per day) | of capture 
calculations | (miles) (days) 
a biaailintaita Ss iinnenainiaisetan ” ———— =e — 
ae 6 6 44 014 10 
3.. | 96 46.8 943 - 050 | 35 
$)... 66 48.1 639 075 | 53 
5 60 47.8 543 - 088 | . 62 
Bens 54 75.7 721 - 105 | 74 
, See 49 82.3 578 . 142 1.00 
8, 9, 10, 11 54 


101.9 923 -110 77 


been divided by the corresponding anglers’ Petersen 
estimates for each age, to yield a ratio from which we 
may derive the relative probability of capture. Un- 
fortunately, the very wide confidence limits on all 
these estimates make it impossible to support firmly 
a hypothesis regarding the mechanism causing nets 
to catch an age-biased sample. However, it does 
seem likely, from Table 14, that mobility tendency 
varying with age may contribute to the effect. It is 
impossible on the basis of the present data, however, 
to assign relative importances to the roles of size se- 
lection and mobility tendeney with any real assurance. 

One thing is certain, however, from Table 14. 
All Schnabel estimates are lower than corresponding 
Petersen estimates, and hence the nets do not sweep 
the whole water area for fish. The general implica- 
tion from this observation is that one must be careful 
in using net-caught fish for any type of population 
estimation, until one knows the extent to which the 
gear actually sweeps the population in the surround- 
ing area. 

D. B. DeLury (1947) had a most profound effect 
on the field of fish population dynamies when he 
demonstrated that it was theoretically possible to de- 
rive absolute, as well as relative, population estimates 
from catch per unit effort data. Subsequently, the 
approach of DeLury and earlier workers such as Silli- 
man (1943) has been extended and applied variously 
by Beverton & Holt (1957), Fry 1949), and Widrig 
(1954). Before we go into any of these methods, 
however, it is in order to scrutinize the various as- 
sumptions on which this group of theories are based. 

Watt (1956) has pointed out and demonstrated by 
an example that catch per unit effort data will be 
misleading if some factor which can affect catchabil- 
ity of fish varies through the sampling period. Catch 
per unit effort studies are based on the assumption 
that only changes in fish abundance are reflected in 
changing catch per unit effort. Catch per unit effort 
indices must be corrected, so that they do not violate 
this assumption, by determining the effect of other 
factors on catchability, and adjusting the indices so 
they reflect only changes in abundance. 

It has been found that 
changes in abundance can produce changes in catch- 
ability of South Bay smallmouth bass. 


other factors besides 
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Alternative computation of relative probability of capture, using ratio of Schnabel estimates from 
net-recaptured fish to Petersen estimates from anglers’ recaptures. 






































Relative | Relative 
probability | probability 
Schnabel | of capture | of capture 
ScHNABEL EsTIMATES FROM NET PETERSEN ESTIMATES FROM total jin nets taking) in nets from 
RECAPTURES ANGLERS’ RECAPTURES probability | mobility 
Age ey NOES Ea re ; ———| Petersen | forage5as| analysis 
1952 | 1953 | 1954 | 1955 | Total] 1952 | 1953 | 1954 | 1955 | Total! total | 62 
_ eee 99 791 791 7400 | | 7400 | .107 .195 | 53 
Dissccusass 999 779 | 1316 3094 | 3700 | 2500 | 2900 | 9100 .340 .§20 | 62 
ee 406 364 | 1098 | 1868 1800 | 600 | 4400 | 6800 | = .275 | .501 | 74 
esr ote 186 | 186 | 400} 400} .465 | 848 | 1.00 
First, analysis of nine years of catch-effort data vicinity of South Bay are highly correlated with 


on an IBM tabulator has shown that number of fish 
caught per man per hour decreases as an exponential 
die-away function with increasing number of men per 
boat. Increasing number of boats recorded together 
per creel census card also reduces the catch per man 
per hour. In both cases, we are dealing with a be- 
havior phenomenon produced by interference between 
units of gear. As is shown in Table 15, we can cor- 
rect each individual catch per unit effort datum over 
the nine year period by assigning the effort on trips 
with one man per boat a weight of 1.00, and appro- 
priate weights to all other effort units. An IBM 602- 
A calculator was used for weighting. Total catch 
and weighted effort for each year has been obtained 
using an IBM 402 tabulator. 


TABLE 15. Weighting factors for smallmouth bass 
(derived from analysis of nine years of data). 








Men Total Total Fish Weight 

Boats on on fish hours | man/ | for 
card trip caught | out | hour effort 
ie. 1 182 172 1.058 1.00 
2 2633 1853 .710 .67 

3 2429 | 1565 | .621 | «49 

4 2129 | 1115 477 | ~— «48 

5 657 389 338 4 

ee. 279 163 | = .285 | = .27 

Riek ; 2 28 | 29 .483 47 
|) oe 61 | 45 | .452 | .43 

|} 4 | 405 | 231 | .438 | 41 

5 318 139 | .458 43 

6 463 266 | 27 





Second, catch per unit effort goes up in the fall 
as temperature decreases. This is because smallmouth 
bass in South Bay tend to become more contagiously 
distributed spatially in cold water, and fishermen who 
know by experience where the aggregations occur can 
make large catches. The temperature index we used 
in this study was the mean of the daily maximum and 
minimum air temperatures at the nearby Gore Bay 
airport for a ten-day period. This index had to be 
used because it was the only temperature recorded 
every day of the South Bay experiment. Fry & 
Watt (1955) have shown that air temperatures in the 





water temperatures in the bay, so this recourse to air 
temperature data is justified. The data we use are 
published in the Monthly Weather Records by the 
Dominion Department of Transport. The results of 
the temperature-catch per unit effort study, with ef- 
fort corrected using the factors in Table 16, are shown 
in Table 17. As a result of this study all catch-effort 
records for ten-day periods when the mean air tem- 
perature was below 55°F were discarded from annual 
sums of catch and effort. If this was not done, fish- 
ing in a cold period would increase the annual catch 
per unit effort index even though abundance had not 
increased. 


Cateh per unit effort within decade (ten- 
as a function of mean Gore Bay airport 
Nine years of data pooled. 


TABLE 16. 
day period) 
temperature for decade. 





Total catch, Total effort, | 
all decades | all decades 
with this with this 
mean temp. mean temp. 


Catch/unit 
effort x 100 


Mean Gore | Number of 
Bay air temp. | decades 
for decade | pooled 











Riccueeees 1 37 9.86 375 
ee { 177 118.19 | 150 
55.. 5 113 93.79 120 
58. 7 264 300.90 | 88 
61.. 6 618 547.98 | 113 
Shick: 19 2829 2789.35 | 101 
67 17 2677 2373.59 | 113 
70.. | 12 1268 1519.82 | ill 
73. | 7 1262 | 1226.73 | 103 
I a TS Se NS 
Totals. . 78 } 9663 8980.21 


Another assumption that has often been made in 
connection with catch effort studies is that a simple 
linear relationship exists between catch per unit 
effort and abundance. That is, where 
aN, denotes abundance of fish of age a at time t, and 
ad, denotes catch per unit effort of fish of age a at 

time t, and a and b are constants, 
it has been assumed that 
ady = b Nj, or at worst, 
adj —at+b,Ny (9) 

Through the following chain of circumstances I 

was led to suspect that equation (9) did not in facet 
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TABLE 17. Analysis to determine nature of relationship between eateh per unit effort, d, and virtual abundance, 
JF 
| Sravistics on Equations d=a+h V and V=g+h d Statistics oN Equations In d=a+b In V and 
| In V=gt+h Ind 
Age Correlation Correlation 
a b g h coefficient r a b g h | coefficient r 
iy, .0517 | .000315 | — 50.9 | 2902. 957 — 9.326 | 1.243 | 7.725 | .839 | 971 
5... 0511 | .000296 | —131.1 |, 3258. 982 — 8.000 | 1.013 | 7.825 | .940 | 976 
ae .0186 | .000433 | 17.2 2087 . 951 || — 7.917 | 1.036 | 7.588 | .934 984 
e.. —.0037 | 000497} 24.6 ‘1815. 950 — 8.160 | 1.092 | 7.365 | .877 979 
8. — .0084 | .000636 23.8 1260. 895 —10.110 | 1.566 | 6.322 | .603 | 972 
Data on Ages | 
4-9 Pooled. ... .0298 | .000329 | — 58.52 2872. .973 — 7.706 .989 | 7.761 | .999 .994 
describe the relationship between ,d, and ,N;y. First, <a 
I found that the population estimates yielded by the x 
most sophisticated of the catch-effort models, that of = ¢ 
Beverton & Holt (1957) which I shall describe be- 7% e 
low, were very much higher than those yielded by _ er, 
tagging studies. Dr. F. E. J. Fry (personal communi- = ='%[ ae | 
cation) argued the position that the Beverton-Holt * [°"™~ o 
model had to be yielding results biased upwards, be- *” 
cause otherwise the natural mortality rate would be = = r " 
too high to allow the mark-recapture rate of fish re- ¢© cot ge 
captured which was being observed at South Bay 2 | >“* e 
after the season of release. Hence I began a system-  , | Ps 
atie check of all assumptions on which the Beverton- ye 
Holt models are based. The relationship between ,d, © 5 0/4“ 
and ,N; could not be tested, because there were no Lo 
values of ,N, sufficiently reliable. However, I did l . . aa ee 
400 800 200 ‘1600 2000 2400 2800 3200 3600 


have a set of values ,V;, for the size of the virtual 
population of fish of age a present at time t. Now if 
enough years and ages of virtual population data are 
pooled, the effects of temporal changes in effort, vul- 
nerability, and natural mortality rate which alter ,V; 
are minimized. Hence it can be assumed that when 
enough data are pooled, ,V; is proportional to ,N;. 
The problem becomes that of determining if 


adt =a + b aVt (10 


does indeed describe the relation between ,d, and ,V¢. 

It turned out that (10) did not in fact apply, and 
that the true relationship between ,d, and ,V_ was a 
curve of form 


In adt = a + bln aVt (11) 


Also, the parameters are a function of age. The 
shape of the curves is indicated in Fig. 5, and the 
results of the analysis are summarized in Table 17. 
It will be noticed in Table 17 that the correlation 
coefficients for the relations as in equation (11) are 
higher than those in equation (10) for 4, 6, 7 and 8- 
yr-old fish and the data on all ages pooled. Hence 
we may conclude that equations of form (11) are a 
more accurate description of the relationship between 
¢atch per unit effort and abundance, than those of 
form (10). 

The implications of this finding are set out in Fig. 








VIRTUAL ABUNDANCE (NUMBERS OF FISH) 


Fic. 5. The relationship betwee 
and abundanee. 


5. The dotted line indicates wha 
ad; and ,V; would be if the equ: 
plied. The solid curved line repr 


n catch per unit effort 


t the relation between 
ation ,d, = b ,V; ap- 
‘esents equation (11). 


The degree of curvature is that found for the rela- 


tionship in this study. Now 


suppose that virtual 


abundance declines 80% from one year to the next, as 
shown. Instead of declining 80% also, the apparent 
decline, as reflected in the catch effort figures will 


only be 75%, as shown in Fig. 5. 
represent an interference phe 
competition between fish for che 


Equation (11) may 
nomenon caused by 
inces to strike at the 


lure or bait when fish abundance is high. 

We shall now discuss various catch-effort tech- 
niques of estimation, and see how they are rendered 
inapplicable by the above factors which violate the 
assumptions on which the theories are based. Then 
we shall show how the techniques can be modified to 


eorrect for factors other than : 
govern catch per unit effort. 


ubundance which ean 


DeLury (1947, 1951) reasons essentially as fol- 


lows: 


Suppose a0: — kN, 


where k is a constant of catchability. 


(12) 


Now if we 
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consider only the fish of an age class present in a 
year and assume mortality, recruitment and migration 
are negligible, the number of fish present at any time 
t, throughout the year, will be the number present at 
the beginning of the season less the number caught 
throughout the season. That is 





t 
aNt =aNo — Z Qj (13) 
i=0 
t 
where > (C;, denotes the total number of fish caught 
es 


in the season from time i=0 toi=t. From (12) 
and (13), we get 


adt =kaNo—k 2 Ci (14) 


1 


Iwe 


C 

Now if we can evaluate the parameters in the re- 
gression equation for ,d,; as a function of & C;, k is 
the slope constant, and ,No will be the intercept 
constant divided by the slope constant. 

An example of the type of data needed to solve 
equation (14) for Ng is given in Table 18. The strik- 
ing feature of this table is that catch per unit effort 
does not show a progressive decline with increasing 
cumulative catch but rather fluctuates. Also, it is 
noteworthy that the catchability indices rise in Sep- 
tember when the data are stratified by age, proving 
that increased catchability for all ages pooled in Sep- 
tember is not due to recruitment of young fish which 
have grown during the year. 


TABLE 18. Catch per weighted rod hour of South 
Bay smallmouth bass in 1953. (1) Catch per weighted 
rod hour during decade. (2) Accumulated catch to 
middle of decade. 











Data on all | Five year Six year 
ages pooled | olds olds 
Decade eceetcdieet (ute ingi ie amecncusnn eee 
M/e2}@;]e!]@]e 
| 
July I..........1.01} 53] .46| 2 | .40| 21 
July I.........| 1.34 | 226] .64 | 108 | .55 93 
July Ill....... | 1.39 | 567| .69 | 283 | .50 | 206 
August I....... 1.16 | 1011 | .58 | 507 | .32 | 317 
August II...... | 1.14 | 1312 | .57 | 652 | .34 | 338 
August III..... | 96 | 1511 | .47 | 743 | .28 | 445 
‘amare 1.17 | 1669 | .57 | 816 | .34 | 490 





When we examine a series of tables such as Table 
18 for all years of the South Bay experiment, we see 
that the characteristic shape of the curve for catch 
per unit effort against cumulative catch in any year is 
a jagged catenary, with catchability declining from 
early July to August, then increasing in September 
and rising very high in October. 

It seems logically unsound to use such a curve for 
population estimation. The ascending limb of the 
curve in the autumn must reflect change in behavior of 
the fish—fishermen system as the water cools, rather 
than change in fish abundance, hence we are not justi- 
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fied in stating that the descending limb reflects only 
changing abundance. 

An inescapable conelusion from applying DeLury’s 
method to estimation of South Bay smallmouth bass 
stocks is that the fishery is not removing a very large 
fraction of all the fish present each year. We shall 
now outline an extension of DeLury’s approach, using 
decline in catch per unit effort of a year class from 
one year to another, rather than within a year. By 
working with many years of data pooled, rather than 
each year separately, we attain two ends immediately, 
and others subsequently, if we build our theory cor- 
rectly. The two ends we gain at the outset are first, 
a partial victory over sampling error, simply by pool- 
ing more data, and second, we become less likely to 
have difficulties due to short term changes in water 
temperature and minor factors governing catchabili- 
ties (such as a sudden immigration of three world’s 
champion spinning lure casters). Other ends we gain 
by working with year-to-year changes, if we build the 
theory carefully, are first, a means of accounting for 
natural mortality, and second, a means of accounting 
for year-to-year changes in fish abundance with re- 
sultant changes in interference between fish. 

The mathematical formulation which follows rep- 
resents an extension of an approach due to Beverton 
& Holt (1957) and Widrig (1954). The use of virtual 
population estimates in an approximate, and arithmet- 
ically simple method for estimating absolute popula- 
tion sizes was suggested by Fry (personal communi- 
cation). The modifications I have introduced into the 
Beverton-Holt-Widrig procedures are these: first, a 
correction is introduced into catch-effort indices to 
adjust for interference between fish when they are 
abundant; second, catchability is recognized as being 
age-specific; third, fishing and natural instantaneous 
mortality rates are acknowledged to vary with age. 
Let Z denote instantaneous total mortality coefficient, 

and its two components be 
F, instantaneous fishing mortality coefficient, and 

M, instantaneous natural mortality coefficient. 
Now where ,N; represents the abundance of fish of 
age a at time t, it is a commonplace in population 
dynamics that 

ay Nty = aNt e r+ (15) 
Also, it is a reasonable assumption that the fishing 
intensity, f, or weighted number of units of gear, may 
be related to F by some coefficient ce, so that we may 
write 

asiNty = aNt e@ oo (16) 
Beverton & Holt (1957) have noted that the mean 
abundance through the year, where ,N; is the abund- 
ance at the beginning of the year, may be given by 


aNt = of 'aNt e f+ wt at _ aNt¢ 





of} dt f+mMit-e “1% a 


Now let us consider the same year class of fish in two 
successive seasons. In the first season, the year class 
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will be a years old, and will have the coefficients c, 
and M,, and the fishing intensity exerted in year t, 
or f,. In the second season, the year class will be a 
+ 1 years old, and will have the coefficients c,,; 
and M,4+:, and the fishing intensity exerted in year 
t + 1, or £44. 

From (17), the mean abundance of the year class 
at a years of age in year t is given by 

aNt 
cs ft + Ma [1 —e +") 

From (16) and (17), the mean abundance of a 
+ 1 year olds during t + 1, expressed in terms of the 
a year olds at the beginning of year t is given by 


aNt = 
(18) 


-(ca ft + Ma) i eo (eat It41 + Ma+1)) (19) 
Ca+1 ft4s + Mays: 
Now from (18) and (19), and from the relation 


1 = ecf 


asiNty1 = aNte 





e(cf + M) 


we may write 








Nt _ [ ho a ft + Ma) 
auNtu Ca ft + Ma 
[ 1 — e-(ca ft + ma) ] (20) 
1 — e(Ca+: ftyi + Ma+1) 


and taking logarithms to base e and transposing, we 


get 
In [=] -+- 
ait Neti 


(ea ft + Ma)(1 — e- (casi ft41 + ~| be 


(Cay: ft41 + Mayi)(1 — e~(ca ft + Ma)) 
Ca ft + Ma 


The first step in getting population estimates is to 
evaluate c, and M, for each age, a. This may be 
done by an iterative procedure. First a regression 
analysis is done on the natural logarithm of the ratio 
of some indices for relative mean abundance, at the 
left side of (21), to f, for a series of years. This 
yields first approximation estimates of c, and M, 
which we insert into the logarithm correction term in 
(21) to get second approximation estimates of c¢, and 
M, from a second iteration. 

At this point we make two departures from the 
Beverton-Holt iterative procedure. First, they use 
catch per unit effort indices for ,Ny and g44N¢41. 
We have shown in Table 17 that it is not necessarily 
safe to assume a linear relationship between abund- 
ance and catch per unit effort. 

The point in using equation (21) is to find the in- 
Stantaneous fishing mortality coefficient, and then 
work back from the c, value, for each age, to popula- 
tion estimates, using the procedure that will be out- 
lined shortly. Now as is shown in Fig. 5, if the re- 
lation between catch per unit effort and abundance 
is actually curved, even if only slightly, a decline in 
abundance will be underestimated if measured from 
catchability figures. In terms of equation (21), this 





In 





(21) 
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means that since any given amount of effort will ap- 
pear to produce a smaller decline in abundance than 
it did in fact produce, the value of cy, estimated by 
regression analysis and the iterative procedure using 
catch per unit effort data will be too small, and the 
resulting population estimates will be too large. 

We may circumvent the misleading catch per unit 
effort indices in either of two ways. The simpler is 


to substitute 
In | Vt | for In _ade | 
ayiVty1_ a+1dty1 


aNt 
as measuring In : # in equation (21). 
a+1ANt+1 

This will yield good first approximations to c, and 
M, if effort hasn’t varied much from year to year. 
However, if effort has varied much from one year to 
another, the best form of equation (21) to use will 
employ catch per unit effort indices corrected for both 
decreased catch per unit effort at high abundance 
and change in the catchability—abundance relation 
ship with age. 

We shall assume that 


- ; a® , ab In gd 
aNt _ 5 (aVt) etn ee (22) 
asiNts: PF (ag1Vtys) = eayi® 4 ays” I ay d 
using the relations and notation in Table 18. The 


subscripts for the regression equation parameters ¢ 
and h indicate that different parameters are used de- 
pending on the age, a, of the fish. The final equation 
used in estimating c, is as follows: 

a , gh In gd 

et 4 


hing, @| + 


Oe emerge % 
ea.® ay+l +1 


(Ca ft + Ma)[1 — e- (a+: ft+) + Ma+1)] 


(Casi fta1 ++ Ma,1)(1 — e ‘ca ft + Ma)] 
= calf’ Ma 


In 
(23) 


The complete routine for obtaining population 
estimates using either virtual population estimates or 
corrected catch per unit effort data is presented in 
Tables 19 and 20, respectively, using as illustrative 
material 6-yr-old smallmouth bass in South Bay. 
For comparison of the results, Table 19 shows a 
worksheet for a routine using no log correction term 
or iterative procedure, and Table 20 has all possible 
corrections. 

The procedure used in obtaining Table 20 will 
now be outlined stepwise. 


Step (1) Obtain a table corresponding to Table 17 
by means of regression analysis. 

Step (2) Use the parameters in the equations of form 
In V = g +h Ind to correct the catch ef- 
fort indices, 

Step (3) Use regression analysis of logs of ratios of 
corrected catch effort data against effort to 
get first approximation values of c, and M, 
for a series of ages. 
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Step (4) Now insert the appropriate values of c, and Step (5) Repeat step (3) to get second approxima- 
M, and ¢,,; and M,,,.into the second tion values of ¢, ¢g41, M, and M,,, for 
iteration log correction terms. This is a all ages worth considering. 
second point of departure from Beverton’s Step (6) Repeat step (4). 
notes, since he assumes c is the same for Repeat steps (5) and (6) until no appre- 
C, and ¢,+4. ciable further change in c, results. 
TABLE 19. Example of worksheet to derive absolute population estimates of six year old smallmouth bass in 
South Bay each year at February 1st from virtual population data. 
| ‘iy wee ee | | 
A B C D E | F | G H | I J K I M N O 
Year | 6Vt | 7Vtu A |InC=| effort |1— 1 | esE aF aF | Catch | Catch —-L) L e aap 
t i Z | | G| =F | @ | —q | Fe+M |1—e mM \M@Nd) 
: _- pai =aNt =aNt 
1947 ||° 887 | 394 | 2:25 811 884 | .556 | .251 | .140 | .172 493 2900 .792 | .547 | 1.450 4150 
1948 [°'629 | 256 | 2:46 .900 | 1374 | .593 | .390 | .231 | .257 373 1450 .931 | .606 | 1.536 2230 
1949 | 325°} 140 | 2.32] .843 | 1022 | .569 | .290) .165 | .196 | 185 944 .831 | .564 | 1.473 | 1390 
1950 |. 195 78 | 2.50 | .917 | 1108 | .600 | .315 | “189 | .206 | 117 568 .856 | .575 | 1.489 850 
1951 53.) 26 | 2.04 .713 | 1314 | .510 | .373 | .190 | .266 27 100 .914 | .599 | 1.526 150 
1952 189 77 2.45 .896 | 1699 | .592 | .483 | .286 | .319 112 351 1.024 | .641 | 1.598 560 
1953 | 1006 | 318 | 3.16 | 1.150 | 1609 | .684 | .457 | .313 | .272 | 688 2530 .998 | .632 | 1.579 | 4000 
1954 642 | 224 | 2.87 | 1.054 | 1567 | .652 | .445 | .290 | .275 418 1520 .986 | .627 | 1.573 2390 
1955 | 1329 | 475 | 2.80 | 1.030 | 1591 | .643 | .452 | .291 | .283 854 3020 | .993 | .630 | 1.576 4760 
4 | | { 
_Z DE—(2D ZE)/n M _=D—ce ZE 
= = F—(2E)*/n — n 
_ 11,447 .080— (8.324) (12, 168)/9 _ 8.324— .0002842(12, 168) 
~  17,130,328—148 ,060,244/9 ? 9 
= .000284 = .541 
TABLE 20a. Example of worksheet to derive absolute population estimates of six years old smallmouth bass in 
South Bay each year at February lst from corrected catch per unit effort data. 
Aer ye ee | | 
| A B C D i E& i F G |: a ie | J K L M 
Year of palin ite —— 
capture | edt | 7dtqs In A InB | .934C | .877D | 7.59+ |7.37+] G H I In K | effort 
t | | | | E F . ° a. = 
ae .555 | .205 | — .59 —ei- —1.39 | 7.04 5.98 | 1140 | 395 | 2.89 | 1.06 | 884 
1948...........] .271 | .159 | —1.31 | —1.84 | —1.22 | —1.61 |} 6.37 5.76 | 584] 317 | 1.84 .61 | 1374 
1949...........| .180 | .069 —1.72 | —2.67 | —1.61 | —2.34 | 5.98 5.03 | 395 | 153 | 2.58 .95 | 1022 
1950...........| .106 | .041 | —2.25 | —3.19 | —2.10 | —2.80 | 5.49 4.57 | 242 97 | 2.49 91 | 1108 
eee | .021 .009 | —3.86 | —4.71 | —3.61 | —4.13 3.98 3.24 | 54 | 26 | 2.08 .73 | 1314 
eee .065 .030 | —2.74 | —3.50 | —2.56 | —3.07 | 5.03 4.30 | 153 | 74 | 2.07 .73 | 1699 
ee j -428 | .129 | — .85 | —2.05;} — .79 | —1.80 6.80 5.57 | 898 | 262 | 3.43 | 1.23 | 1609 
1954... . 267 .075 | —1.32 | —2.59 | —1.22 | —2.27 6.37 5.10 584 164 | 3.56 | 1.27 | 1567 
1955. .. .5386 | .162*|.— .62 | —1.82 | — .58 —1.60 7.01 5.77 | 1110 | 321 | 8.46 | 1.2 1591 
1956... | | 1591* 
7 — ] 
ye N O P Q R S <i U V wWwix 4 
Year of | 
capture cof Me+ crf M:;+ Pa | —- Ot Stu: | In T | L+U|1l—e-2} CM | aF | aF 
t N P Qti: Ret =Z|= = Z 
| ERS fee | .905 .128 .964 .404 .382 771 — .26 .80 | .55 | .243 | .134] .168 
See .188 .972 .199 1.035 .378 .356 .978 — .02 .59 | .45 | .379 | .171 | .290 
| Se fe .924 .148 .984 397 .374 .861 —.15| .80 | .55 | .282]| .155| .194 
1050...........]-.16227- .986-| .161 .997 .392 .369 .832 | —.18 .73 | .62 | .306 | .190 | .260 
SY cs bs wiaes 180 .964 19] 1.027 | '.382 .358 791 — .23 .50 | .39 | .363 | .142 | .284 
BBCi asec casa] chee | LAD 246 1.082 .363 .339 .902 | —.10 .63 | .47 | .469 | .267 | .424 
1053...........] .220] 1.00@] .233 1.069 .366 .344 .890 | —.12] 1.11] .67 | .444]| .297 | .268 
| eee ee | Pee tf 1.063 .369 345 .865 | —.15| 1.12] .67 | .432 | .289 | .258 
BOOB: :........) ene | 2202 . 231 1.067 .367 .344 .880 | —.13 | 1.11] .67 | .439 | .204] .265 
S........<0,) IB? TR .Bl 1.067 .367 .344 
* These two figures are extrapolations. 
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TABLE 20b. (Continued from 20a.) 

















First approximations: Cg = .000137 C, = .000145 
Mg = .784 M, = .836 
Second approximations: Cg = .000276 
Mg = .598 
| | 
A’ B’ C’ | D’ 
Year of Catch 
capture ata ova , 
Catch u 4 C’ B’= 
=aNt a aNt 
1947........ 493 | 2035 1.45 | 4260 
ae 373 1286 1.31 | 1680 
ae 185 954 1.45 1380 
4 ee 117 450 1.18 530 
> ee 27 95 1.28 120 
_ JARS 112 264 1.34 350 
Saree 688 2567 1.66 4260 
a 418 1620 1.67 2710 
EDs a Scrvie% 854 3223 1.66 5350 











TABLE 21. Comparison of population estimates for 
number of six year old bass in South Bay. 

















| 

| Mark Beverton-Hout-Wiprie TyPe 

| Mark recapture EstIMATES 

| estimates from 

Virtual ee. 
population captures, with | Corrected catch | Virtual popula- 
Year estimates aNt values per unit effort tion estimates 

| converted to aN¢/| indices taken as |taken as measures 

} values measures of of abundance 

| abundance 
eee 887 | 4260 4150 
1948..... 629 1680 | 2230 
1949... 325 1380 | 1390 
1950... 195 530 850 
ee 53 120 | 150 
1952... 189 370 350 | 560 
1963..... 1006 2850 4260 | 4000 
1954..... 642 | 940 2710 | 2390 
1955. 1329 4400 5350 4760 

ee eS a ee 

Mean. ... 584 2293 2276 

| 








Instantaneous fishing mortality coefficient c= .000284 

Since this procedure is excessively tedious, it 
would seem wise for some central fisheries agency to 
underwrite the cost of programming the modified 
Beverton-Holt iterative procedure for an electronic 
computer, so that raw data on effort and catch are 
fed into the computer, and the best possible value of 
C, comes out, for each age. 

We now have e, for each age. As Widrig (1954) 
has pointed out, this is an instantaneous rate, and we 
must next get the population estimate from the rate 
of exploitation, u. 

Now a, the annual total death rate may be derived 
from age compositions of successive annual catches, 
and since 


as l—o?+™ a1 0% 


24) 
Z = —In (1 — a) - 


The rate of exploitation, u, may be defined as the 
fraction of the total stock, N, caught each year, where 
C is the number caught. 
Since we may assume that 
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. oe 
. @ 
aF 
u=sZ% 
aCa f ‘ 
We may write 
uN =C, or 
N=— (26) 
u 
Combining (25) and (26) we get 
C 
N = acaf (27) 
Z 
And substituting for Z from (24), we may write 
= ae 
N= _ _acaf 
—In (1 — a) 
—C In (1 - a) ’ 
a &aCa f (28) 


One final problem remains. The N value esti- 
mated by (28) is the mean N through the season. If 
we want, instead the N at some standard time each 
year prior to the fishing season, we must correct the 
N derived from (28) using the relation in (17). N 
in (28) corresponds to ,N; in (19), so we get ,Ni, 
after transposing (17), from 

f+M 
oe (29) 


aNt - aNt ; = @-(ca f oT 

Now the middle of the fishing season for South 
Bay smallmouth bass comes at about August Ist each 
year. We shall assume that this date is the midpoint 
for annual natural, as well as fishing mortality, and 
hence, that the ,N; caleulated from (30) gives us the 
population size six months prior to August Ist, or at 
February Ist. 

It will be noticed that the results from the analyses 
presented in Tables 19 and 20 are surprisingly similar. 
This similarity depends on the extent to which the 
virtual population is a valid measure of the total 
extant population. By the virtual population ,V, we 
mean the sum of all fish in the year class of age a at 
time t that will be caught throughout the remaining 
life of the year class. 


That is, 


aVt = ; z iCj. 
1=a 
jut 
Now the extant population ,N;, of age a present 
at t consists of all fish in the year class of age a at 
time t that will ultimately be caught plus the fish in 
the year class that will ultimately die of natural 
causes. Designating the fish of age i that will die at 
time j by ,D,, we get 
aNt = 2 
i=a 
j=t 


iCj + = 
i=a 
j=t 


iDj. 
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Hence when we use the ratio of virtual populations 
in successive years as a measure of total extant popu- 
lations in successive years, we are assuming that the 
following equality holds, 











2 iCj iz 1Cj + Zz iDj 
1=a 1=a =a 
Zz iC; = iC; +2 ;D;j ( 
i=a+l1 i=a+l i=a+1 
j=t+l j=t+1 j=t+l 
Now if ,C; is essentially constant over the range 
iD; 
of i values, it will be approximately true that 
= iDj=6 = iCj 
i=a i=a 
and hence that 
= iCj+ = iDj= =F iCj+6(z iC) 
i=a i=a i=a i=a 31) 
Therefore, the assumed equality (30) may be 
written 
z= iC; = iCj +6 (= iC) 
i=a i=a i=a 
z= iCj = iCj + 6 ( z= iCj) 
i=a+l i=a+l i=a+1 
j=t+1 j=t+1 j=t+l 
2 iCj (1 + 6) 
1=a 
“Eiji (1 + 6) 
i=a+l1 
j=t+1 


and if 4 is indeed constant for all i values, the equal- 
ity holds. 

Three different measures of the available 6-yr-old 
population are assembled for comparison with each 
other and the virtual population estimates in Table 
21. Bearing in mind the wide confidence intervals on 
all these estimates due to small sample size, the meas- 


TABLE 22. Comparison of population estimates for 
number of five year old bass in South Bay. 











Mark recapture | Beverton-Holt- 
estimates from | Widrig type esti- 
janglers’ recaptures} mates, with 
; with aNt values | virtual popula- 
Year Virtual converted to aNt| tion estimates 
population values taken as measures 
estimates of abundance 
| AS 1017 7,460 
1948..... 738 6,890 
1949..... 348 2,810 
1950..... 139 1,980 
Ae 388 3,190 
1952..... 2285 5440 17,410 
1953..... 1487 5920 12,260 
1954..... 2391 3860 12,840 
1955..... 58 abs 190 
Mean 983 7,2 














Instantaneous fishing mortality coefficient c= .0000932 
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ure of agreement is heartening. Table 22 presents 
a similar comparison for 5-yr-old bass in South Bay. 
These are the only two age groups for which we can 
obtain meaningful population estimates using either 
mark-recapture or Beverton-Holt-Widrig approaches. 
In the case of fish 7 years of age and older, the 
sample sizes are very small and become swamped by 
sampling error. In the case of fish younger than five 
years of age attempts to apply the Beverton-Holt 
approach failed because the rate of exploitation is too 
small. Also, the confidence limits on mark-recapture 
estimates for fish of age four or less are far apart, as 
seen in Table 11. 

However, we can get crude estimates of the total 
extant population of fish of other ages present by 
means of extrapolation procedures. In Fig. 6 I have 
plotted, on semi-log paper, the mean ecatchabilities, 
virtual populations and Beverton-Holt-Widrig popu- 
lation estimates for the period 1947 to 1955 against 
age. The first point of interest is that the curves for 
catch per unit effort and virtual population estimates 
are essentially straight throughout much of their 
range. This suggests that the mortality law Ny, = 
N,e—** has some validity. The second point of in- 
terest is that the same two curves have parallel slopes. 
The third noteworthy result is that both eurves bend 
at the 5 years of age point. Either total death rate 
is very low at low ages, or available population is 
less than total extant population at 4 years of age. 
The latter seems more likely, since the instantaneous 
fishing mortality coefficient ¢ is .000284 for 6-yr-olds, 
but only .0000932 for 5-yr-olds. Another result sug- 
gesting low availability of young fish is the low level 
of mark recapture population estimates for 5-yr-olds, 
as compared with Beverton-Holt-Widrig type popula- 
tion estimates (see Table 22). 

The upper, dotted line in Fig. 6 was obtained by 
drawing a line parallel to the two lower lines through 
the 9-yr means of the Beverton-Holt-Widrig type 
population estimates for 5- and 6-yr-old bass. This 
dotted line allows us a means of obtaining crude esti- 
mates of total extant population sizes for ages other 
than 5 and 6. 

Table 23 arrays the 9-yr mean virtual populations 
for ages 4-10 together with the estimated mean total 
extant populations as read off the upper extrapolated 
line in Fig. 6. The ratios of these two estimates, as 
shown in the last column of Table 23, provide us with 
the means of getting absolute population estimates 
from the virtual population estimates in Table 9. The 
resulting estimates of total extant populations are 
collated in Table 24. 

We now have the population estimates necessary 
to obtain unbiased estimates of mean weight by means 
of a weighting procedure, as outlined earlier in the 
paper. The details of the method as used in this 
instance are illustrated by Table 25. We shall now 
turn to solution of four types of productivity models 
for which the estimates of vital parameters constitute 
part of the necessary input data. 
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parallel to the two lower lines. 


TABLE 23. Derivation of total extant population: 
virtual population ratios for use in deriving extrapolated 
estimates of absolute population size for ages other than 
five and six. 























] 
Mean virtual] Estimate of total | 
Age population berm population Total a na 
for years | as read off ex- ean 
1947 to 1955 | trapolated line in virtual 
Fig. 10 population 
4 1168 16,000 13.70 
Bic acna 983 | 6,400 6.51 
ee 584 | 2,600 4.45 
: Pee 183 1,000 5.46 
See 71 | 420 5.92 
Beh osca 28 165 5.89 
_ ae 12 66 5.50 
| 
TABLE 24. Estimates of total extant populations. 
| Age | 
Year of |—_—— ———_,—_—_—_—__—_-—_-—_| Total 
Capture | 4 5 6 71/819 | 10 
_ eee 12,200) 7,4€0/4,150} 730 680/350) 60) 25 ,630 
. ere | 7,500} 6,890/2 ,230/2150)/430/260) 150) 19 ,610 
ee | 2,700} 2.810}1,390/1400 660/180) 60} 9,200 
1950..........| 9,000} 1,980) 850 760| 550/180) 120 13 ,440 
ae \44,900} 3,190) 150} 430/380) 160/120) 49 ,330 
1952 .|29 000/17 ,410} 560) 140 140|160 60/47 ,470 


1953..........|36,800/12,260/4,000| 420! 60| 70! 30/53,640 





Rape: 1 ,000|12,840|2,390|1740|170| 60} 30/18, 230 
See 1,000} 190|4,760|1220|690| 70| | 7,930 
Mean..... 16,000} 7,230|2,280|1000 420|170| 70|27 , 160 

















POPULATION PRODUCTIVITY 
Existing mathematical models for predicting and 
maximizing yield of a fishery have been classified into 


The upper dotted line is an extrapolation drawn 


four categories on the basis of the type of informa- 
tion they require (Watt 1956). We shall proceed 
with application of each of these models to the South 
Bay smallmouth bass fishery. 

The first model, due to Schaefer (1954), requires 
estimates of f (P), the annual natural rate of in- 
crease corresponding to the mean stock during the 
year, and P, the mean population during the year. 
Prediction using this approach assumes that a roughly 
parabolic relationship expresses the dependence of 
f (P) on P. Since it has been impossible in this 
study to detect any effect of intra-year-class competi- 
tion on growth or mortality, the independent variable, 
P, has been taken to be only the spawning’ stock. 
Following Fraser (1955), we assume that the spawn- 
ing stock includes all females six years of age and 
older, and 75% of five year olds f (P) is taken to 
be the size of a year class at four years of age pro- 





duced by a spawning stock of size P, 4 years earlier. 
It will be seen in Fig. 7 that we have very little justi- 
fication for assuming a parabolic form to the depend- 
ence of f (P) on P. This is not at all surprising, 
since it is shown in Table 26 that another factor, 
temperature during the months June to October in 
the year the class was spawned, accounts for 94.5% of 





the year-to-year variation in recruitment. 


The second category of model is that exemplified 
by Royee & Schuck (1954). This approach may be 
formulated as the regression equation 

ayiCt41 =a + ba Ct + cEty: + dEt, (32) 
where ,41C;¢41 represents the catch of a+1 year old 
fish in year t+, 
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Derivation of mean growth rates of South Bay smallmouth bass during fifth year of life. 
























































| 
Weight in ounces Weight in ounces 
at fifth birth- at fifth birth- 

Estimated | day of number | Estimated | day of number | Weighted | Mean weight Mean Weight to 
number landed during | population | landed after |mean weight} in ounces of | growth in | be attached 
landed sixth year of |at fifth birth-| sixth birthday | of year class | year class at | ounces of | to growth in 

during sixth life day, less at fifth birth- fourth | yearclass | subsequent 
Year | year of life |—— Be gra ee day birthday | during fifth | regression 
Class | Sample |landed during | Sample | A.B+D.E | year of life analysis 
Mean! size | sixth year of | Mean| size SD | =e C+F 
| life | | 
A B | C D E | F G H | g | f 
| aos pe =3 
1943 413 13.757} 103 6476 12.562) 73 12.634 10.221 | 2.413 176 
1944 153 14.273 33 2657 14 024) 42 | 14.036 | 10.421 3.615 75 
1945 86 16.500 18 1894 16. 125) S | ial | iow | 4.569 26 
1946 199 16.389 36 2991 15.800) 50 15.837 | 12.199 3.638 86 
1947 1279 15.371} 264 16131 14.624; 306 14.679 | 11.357 | 3.322 | 570 
1948 845 14.639} 274 11415 13.788} 226 | 13.847 | 10.592 | 3.255 500 
1949 1062 13,019} 323 11778 12.385) 626 12.437 | 9.694 2.743 949 
1950 19 14.857 14 171 10.000) 1 | 10.486 10.735 — .249 15 
1951 31 12.000 2 |. Gee eereree | | 12.900 9.084 2.916 | 2 
Rios = k | | | 5 
mous. However, as shown in Table 26, recruitment 
of 4-yr-olds is very highly correlated with temperature 
= 50,000 + in the spawning year, so this suggests a way of im- 
o™ . Senet Sah : ; me 
a - proving the predictive reliability of equation (33). 
% Let us establish the regression of catch of four year 
ns —eeT - olds as a function of the temperature during June to 
October in the year the age group was hatched. Then 
§ 0000 P x we may write 
x 
= Cty: = a + b Tt-s, (34) 
¥ 20,000 F 
= where T,_3 represents the June-October temperature 
® x index for the year in which the fish were spawned. 
red rr - x The temperature indices used in preparation of Table 
26 are obtained by interpolating between the iso- 
am seo aon 9 10900 2000 therms for deviations from the long-term monthly 


SIZE OF SPAWNING STOCK (NUMBER OF FISH) 


Fig. 7. The dependence of recruitment on size of 
spawning stock. 


a(t represents the catch of a year olds in 
year t, 

Ke41 represents the total effort in year 
t+1, 

Ky represents the total effort in year t, 


and a, b, « and d are parameters de- 
rived through regression analysis of 
the data for a series of years. 
The predicted catch of fish of all ages for any 
year t+1 is then 
8 
z2C=K+ 2 


a=4 


a+iCty1 (33), 
where K is a constant and the estimates of .41C¢41 
are obtained from solution of a series of equations 
such as (32). 

There is a major problem in application of the 
Royee-Schuck method of prediction to the South Bay 
smallmouth bass. We have seen in Table 7 that year- 
to-year fluctuations in catch of 4-yr-cld fish are enor- 


mean temperatures on the monthly weather maps of 
the Dominion Department of Transport. Indices for 
several months are the algebraic sum of the indices 
for the months represented by the sum. 

Combining equations (33) and (34), we find that 
the best catch prediction we can obtain for the total 
catch, Cy, in year t+1, is given by (35) as follows. 


UCtu = K + Cty + sCtur + Cty + ti + Cty 
é 
=K+a+t+bTt;+ 2 (35) 


a=4 


ayiCty1 


In the application to the South Bay smallmouth 
bass fishery, the parameters in the regression equa- 
tions for ages five to eight are obtained from analysis 
of the data for years 1947 to 1954, and the predictive 
reliabil.ty of equation (35) is tested using data for 
1955. Results of the regression analyses are pre- 
sented in Table 27, and predictive usefulness is tested 
in Table 28. 

It is clear from the very large standard errors of 
estimate, and low multiple correlation coefficients, in 
Table 27, that the predictive reliability of the regres- 
sion equations is not too good for this fishery. Hence 
we need not be surprised when we see in Table 23 
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TABLE 26. Correlation of recruitment, survival and growth with various temperature indices. 
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ES OF STATISTICS WHEN INDEPENDENT VARIABLE Is Sum OF 


TEMPERATURE INDICES FOR STATED COMBINATIONS OF MONTHS IN 
































| Statistics: regression Yaant 
| coefficients in linear a —---- =  — —  —— ——_——— — 
regression equation | July, pry hil, August, | June, July, | June, July, 
Dependent variable | Y=a+bX and cor- | September, September, August, | August, 
relation coefficient r October October, | September, | September, 
November October October, 
| November 
ee le | | eee ee ee : 
Recruitment at age four from | r .946 eas .823 — .972 A aes 883 
year class spawned in year t a 7484. 7770. | 7159. | 6950. 
b | 2206 1545. | 1992. 1539. 
estas ntancous natural menality| r 179 .239 .212 . 264 
rate from sixth to seventh a 4006 .3824 .3918 .3738 
birthday during year t | b | .00553 | 00615 .00613 .00646 
—— aaa —— sa ear ee aa ae | ee —_ a ert — eee Soares 
Growth in weight during first | r .029 116 — .071 | -034 
year of life (t) a .702 695 .710 .700 
| b .000220 000776 | — 006556 000244 
Growth in weight during second r .749 .689 | 796 .172 
year of life (t) a 1.419 1.400 1.485 1.396 
| b | .03840 .02611 | .03119 .02493 
Growth in weight during third r | 751 .783 | .710 | .869 
year of life (t) a 5.926 5.938 5.902 5.907 
| b .04024 .03102 | .03165 .02913 
Gevvth i in = during fourth r | eee “064 | .142 | .060 
year of life (t) | a 2.331 2.341 2.336 2.342 
| b | 01136 00332 | 00750 | .00272 
= = tetera ne eer eee eMedia enema co Se as | eee S| eR pee 
Growth i in _ during fifth | r — 471 — .485 — .462 | — .479 
year of life (t) | a 2.874 2.855 | 2.848 | 2.838 
b A 


3821 | — .02582 | — .03690 | — .02524 


TABLE 27. Multiple regression equations for prediction of catch of smallmouth bass in South Bay. 








| Mean catch | Standard Multiple 





Age group Regression equations | (years 1948 error of correlation 
| to 1954) | estimate coefficient 
(X) | 
S| ee ..-| sCty1=34.98 Tes +143 351 . 882 
5-year olds... ... eae Sine eas sCtyi1= .2575 «C¢+.2795 Et+1.3252 Et,,:—17 1 577 907 245 
ee eCt41= .6972 ;Ce— .3743 Et+ .08129 Et,1+309 274 420 317 


01051 Et.:+136 | 
04047 Ety:+110 | 


120 190 .320 
40 56 351 
30 





Lo rr 7Ctyi= .3704 6Ce— .1059 Et+. 

ee sCtyi1= .1755 -Ce— .0249 Et—. 

9, 10, 11, 12, 13 and 14-year olds 30 
Totals... .. LD Cty =sCtyitsCtuiteCtuit 








(X) Temperature thee for months Renta’ in year age cohort was spawned. 


that the catch predicted for 1955 was 159% of the 
actual catch. 

The Royee-Schuck system for predicting fish 
catches breaks down in this fishery for a number of 
reasons. The major weakness of the method in this 
instance is due to small sample size and the small 
size of the fishery. Population phenomena are clear- 
ly stochastic, not deterministic (see, for example, 
Neyman Park & Scott, 1956). The smaller the fishery, 
the more chance there is that results predicted by a 
deterministic model will not match the actual results. 








| 

| 

ee | 
CtortsCter +30. iz 1392 














It seems that managers of small sport fisheries will 
increasingly have to concern themselves with such 
mathematical tools as stochastic processes. Models 
currently used in fisheries work tell us that for a given 
variate value X, we should expect the dependent 
variable to have a corresponding value Y. More 
realistic models for small sport fisheries would tell us 
that for X, we could expect any one of a series of 
Y, values, with a probability P; attached to the oc- 
currence of Y;. 

The second weakness of the Royce-Schuck predic- 
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TABLE 28. Use of multiple regression equations to 
predict catch of South Bay smallmouth bass four years 
of age and older in 1955. 





Catch for 1955 predicted by 








regression equations (given Actual 
Age group total amount of 1955 effort: catch in 
1591 weighted rod hours) 1955 
4-year olds... . 73 7. 
5-year olds 836 19. 
6-year olds. 592 854. 
7-year olds..... 142 119. 
8-year olds..... 42 | 60. 
9, 10, 11, 12, 13 
and 14 year olds. 30 12. 
| | 
Totals... . .| 1715 | 1081. 





tion equations is that they assume constant vulner- 
ability of fish of corresponding age in different years. 
Table 7 has already shown that 4-yr-olds, for example, 
had much lower vulnerability in 1953 than in 1951, 
due to poor growth of the 1949 year class. Hence 
prediction of the number of 5-yr-olds caught in 1954, 
based on the number of 4-yr-olds caught in 1953 
would underestimate badly. In general, the Royce- 
Sehuck equations are most useful in a fishery where 
environmental fluctuations are not great, and param- 
eters of growth, recruitment and survival may be 
treated as if in a steady state. 

The first two types of models recognized by Watt 
(1956) are descriptive, in that they attempt to estab- 
lish relations between first causes and final effects 
without analysis of the mechanisms operating through- 
out the cause-effect pathway. They are useful in pre- 
diction, but not in management. The two types of 
models which follow concern themselves with causal 
pathways, and are of use in showing how to maximize 
production, as well as in predicting. 

The third type of model has been worked on most 
recently by Parrish & Jones (1953), and Beverton 
and Holt (Beverton 1953, Beverton & Holt 1957). 








Empirical values 


aiieiene Bertalanffy’s growth equation fitted to data 
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Fig. 8. Growth curve for South Bay smallmouth bass 
based on analysis of data obtained through back ealeula- 
tion from scale measurement data. 
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It assumes steady state growth, recruitment and 
natural mortality. Beverton and Holt use a modifiea- 
tion of von Bertalanffy’s (1938) growth equation as 
follows. 


wt = Wo [1 — ex (t_to) | 


where Woo, K and ty are constants and Ww; is weight 
at time t. The growth curve for South Bay small- 
mouth bass is shown in Fig. 8, and von Bertalanffy’s 
equation fitted to the data is superimposed on the em- 
pirical line. The empirical curve was derived cor- 
recting the data according to the procedure outlined 
in Table 25. The equation for the South Bay bass is 


50 [1 st oe 


The final equation Beverton and Holt derive takes 
the following form 


wt = 


(tp’tp) 3 Qne “mK (tpi to) 
— , -u('‘p-"p) y Sea oe 
Yw = FRW oe oF + M+aK 


n= 


[1 —~ eh + M4 nk)(t, - tp] (36) 
where 
Q, = +1, Q, = —3, Q, = +3, Q; = —1 
Yy is the total yield in weight obtained by the 


fishery from a year class throughout its life 

Fis the instantaneous fishing mortality coeffi- 
cient 

Ris the number of fish in the year class at the 
time it is first recruited into the area where 
fishing is in progress 

M is the instantaneous natural mortality coeffi- 


cient 
t, is the age at which the brood is first re- 
cruited to the area where fishing is in progress 
t,’ is the age at which surviving members of the 


brood are first liable to capture by the fishing 
gear, and 

t, is the last age to which members of the brood 

are likely to survive 

The problem is, given steady state values for R, 
W <x, M, t,, tz, K and t,, to find the values of t,, and 
F which maximize Y, for an average (i.e. steady 
state) year class. 

In the case of the South Bay smallmouth bass 
fishery, we shall impose the condition that t,’ = 4, 
because this is the age at which fish are first large 
enough to be attractive to the sport fishermen. 

We shall take the number of fish entering the ex- 
ploited phase at the 4th birthday, 

Re-™(‘p’-p) 


as being 16,000 (from Table 24). W and K we will 
take to be 50, and .353, respectively. t, and tg will 
be assigned values of 1.5 and 14, and M will be taken 
as .564, from the analysis corresponding to that in 
Table 19, for five year olds. 

When we substitute in the aforementioned quanti 
ties, equation (36) reduces to 
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3 — .883n 
Yw = 800,000 F an 
n=0 F + .564 + .353n 
r —(F +.564 + .353n)10 (37) 
Li = ] 


Our problem has simplified to that of finding the 
value of F which maximizes Y, for each vear class. 

The mean fishing effort at South Bay over the 
period 1947-1955 was 1352 corrected rod hours per 
year. Hence ef = F was 1352 (.0000932), or .126, 
where we take ¢ to ¢;. 

For an F value of .126, Y, = 60,000 ounces. 
Analysis of equation (37) shows that the mean yield 
in weight of a year class would rise slowly beyond 
176,000 ounces, or 11,000 pounds at a fishing intensity 
about 10 times the present exploitation level. How- 
ever, the ascent towards this high productive level 
should be approached with great caution, since equa- 
tion (37) takes no account of the effect of size of 
spawning stock on recruitment. While this study 
revealed no discernible relation between recruitment 
and size of spawning stock, 10 times the present level 
of exploitation would possibly drive the size of the 
spawning population (mostly fish over 6 yrs of age) 
down to dangerously low levels. 

The reason production of the South Bay small- 
mouth bass fishery would be increased by a higher, 
rather than a lower rate of exploitation is that the 
population has a relatively high natural mortality rate. 
Beverton and Holt have calculated that M for North 
Sea Plaice is only .10, as compared with .564 for the 
bass in this study. In essence, the bass are being 
fished so lightly that the bulk of the biomass produc- 
tion is lost to natural mortality. 

Watt (1956) proposed a fourth type of model 
for predicting and maximizing productivity of a fish 
stock. This type of approach was intended to in- 
corporate as realistic as possible a description of the 
dynamics of the population. It is clear that growth, 
recruitment and natural mortality can vary over very 
wide ranges of values, and growth is not necessarily 
described too well by a simple equation. Most animals 
grow in spurts, and the South Bay smallmouth bass 
are no exception (see Fig. 8). 

All population parameters are fluctuating con- 
stantly in response to environmental fluctuations. In 
order to maximize predictive reliability, a model of 
population productivity must take these fluctuations 
into consideration. Also, a statement as to the rate of 
exploitation which will maximize productivity under 
one set of environmental factors will not apply under 
another set. For example, suppose a model was 
based on regression analysis of data for 15 consecu- 
tive warm summers. Suppose, now, that the weather 
changed and there followed 3 cool years. The fishing 
regimen that produced maximum productivity in 
warm years, when recruitment and growth were high, 
could quite literally decimate the population in cold 
years, when recruitment and growth were low. 

Accordingly, we have done some work on the re- 
lationship between environmental factors, growth, re- 
cruitment, and instantaneous natural mortality rate. 
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The work is of necessity incomplete and crude for a 
number of reasons. First, we did not have a com- 
plete set of temperature records for every day of 
every season in the depths and positions of South 
Bay frequented by bass. Such measurements would 
have required an extra man on the staff to handle 
problems of instrumentation. Hence we have used 
air temperature data routinely collected by the 
meteorological service of the Dominion Department 
of Transport. The temperature indices used are ob- 
tained by interpolating between isotherms on monthly 
weather maps, as explained earlier. A second short- 
coming is that we know essentially nothing about a 
vear class until it enters the fishery in numbers at 
4 yrs of age. To correct this situation would re- 
quire an expensive expansion of the field staff. A 
third weakness of the work on relating environmental 
factors to population productivity is that we have 
reasonably accurate data on instantaneous natural 
mortality rate for only two ages, due to small sample 
sizes for fish seven years of age and older. Finally, 
we are unable to do any reasonably worthwhile work 
on the effect of fluctuations in many factors, such as 
competition from rock bass and changes in availabil- 
ity of food, because we have only small quantities of 
the necessary data extending over a very limited 
number of years. 

However, we do have enough data to construct at 
least a crude model of the fourth type. Some such 
data are assembled in Table 26 and others will be de- 
rived from Tables throughout the paper. 

Since we know nothing about the numerical 
strength of the year class prior to its 4th birthday, 
there is no point in introducing a complex of terms 
for survival prior to age 4. 4Ny44 and 4Wy44 repre- 
sent the total extant population, and the mean weight 
in ounces respectively, of a year class in year t+4, 
and at the 4th birthday. 9g; represents growth during 
the 1st year of life in vear t, and the other ,g; values 
are defined similarly. The first equation we shall 
write, developing the model in the fashion outlined 
by Watt (1956) is as follows, for 4-yr-olds. 


sWtya = aNtae (opt + 1Bt41 + tre + sZt+s) ™ 
June—0.) 


sNta4 . 
(7150+ 1992T,42e —9-y1.79 + (1.435 + 03119 Tey: 


+ (5.907 + 02913 Te,,JU"°— N+) +. 2.35) (38) 


Since we were not able to establish significant cor- 
relations between growth and environmental factors 
for other than the second and third years of life, we 
have simply used the mean growth values from all 
year classes for other summers. T,J%¢—9- represents 
the algebraic sum of the temperature indices for the 
months June to October, inclusive, in year t. Other 
temperature symbols are defined in corresponding 
fashion. This writer has been unable to detect any 
relationship between the food and competition data 
in Table 29, and trends in either population produc- 
tivity or weather, so information on food has not been 
used in formulating a type-four model in this in- 
stance. 








390 


TABLE 29. 
South Bay. 
containing crayfish only. 
stomachs containing fish only. 
examined stomachs found empty. 
examined stomachs in some other category. 
number stomachs examined. 


| | | | 
| 
q ! 


Food of smallmouth bass and rock bass in 
(1) Pereentage of all examined stomachs 
(2) Pereentage of all examined 
(3) Percentage of all 

(4) Percentage of all 
(5) Total 











Species | Year | (1) | (2) | 8) | 4 | © 
Smallmouth | 1948 | 48 | 3 | 37 | 12 | 380 
bass 1949 | 31 | 27 | 32 | 10 | 205 

1950 | 34 | 17 | 40 | 9 | 253 

| 1951 | 41 | 22 | 26 | 11 | 256 

|} 1952 | 37 | 20 | 31 | 12 | 436 

| 19533 | 43 | 16 | 37 | 4 | 495 

| 1958 35 | 14 | 47 | 4 | 501 

1955 | 39 | 14 | 41 | 6 | 357 
i a le ae | 

Rock bass | 1947 | 47 |} 45 | 2 | 198 

1948 | 48 37 | 380 


| 

| 1949 | 83 
| 1950 | 82 
A 


— et et 
wwty) bo 
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Equations of form (38) for succeeding birthdays 
must inelyde terms for instantaneous fishing mortality 
and natural mortality coefficients. Finally, we can 
write an expression for the productivity, P, or net 
biomass gain of a year class from the 4th to the 7th 
birthdays as follows. 


P = Nese. aWisr — tye. ewese = [ (7159 + 1992 TUCO. 


e-(F + .06) — (r + .56) — (F + =) 
70 + (1.435 + .03119 Tr,74° —°-) + (5.907 + .02913 
Tr,)ume—-N-) 4 9.35 +2.91 + 5.52 + 7.53 — [7159 + 1992 
T,June—0.) 1.79 + (1.435 + .03119 TUBE %) + (5.907 + 
02913 Tr,7¥°—N ) + 1235) (39) 

It will be noticed that (39) is of a quite different 
form that productivity equation (12) in the first 
study in this series (Watt 1955). This is because 
the only factor governing productivity in the earlier 
study was intraspecifie competition, whereas in this 
case, we have been unable to detect any influence of 
intraspecific competition. 

We shall reduce (39) by substituting in the mean 
temperature index for the period, 6. We now get 


(40) 
(41) 


P = 510,627 e** — * —205,615 
dP _ _1 532,000 e* - " 
dF aati 

Setting dP/dF = 0 and solving for F merely forma- 
lizes what is intuitively obvious, namely that equation 
(40) has no inflexion point. Furthermore, we see 
from (41) that any fishing at all will only decrease 
productivity. This is because fishing can only in- 
crease productivity where it decreases the deleterious 
effects of intraspecific competition on fecundity, sur- 
vival or growth. Under the moderate fishing pressure 
observed the environment for smallmouth bass in 
South Bay is so rigorous due to low temperatures that 
competition did not become important as a regulator 
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of productivity. In cases of this type, maximizing 
the yield is not synonymous with maximizing produe- 
tivity, but amounts to the substitution of fishing mor- 
tality for natural mortality. The best we can say 
from the 4th type of analysis is that F for optimum 
yield is greater than at present. The precise value of 
F, under any conditions, for optimum yield will have 
to be determined by increasing rate of exploitation 
gradually, while compiling and analyzing data on ob- 
served consequences so as to update the form of (40), 
by including a term for effect of spawning stock size 
on recruitment. 


MANAGEMENT OF THE RESOURCE 

Results of the analyses in this paper have certain 
implications for management of South Bay small- 
mouth bass in particular, and of fish populations in 
general. 

2437 fingerling bass with a maxillary bone clipped 
for later identification were planted in South Bay in 
1951, and 664 in 1953. Only 2 bass with these clips 
have subsequently been caught. Is it worthwhile to 
plant fish in a fishery largely under the control of 
temperature? Apparently in years when natural 
spawning is highly successful, due to favorable weath- 
er, any planting of hatchery-reared fish makes a neg- 
ligible contribution to the total hateh. If we extrapo- 
late the upper line for total extant population in 
Fig. 6 back to the middle of the Ist year of life, we 
find the mean year class strength during the Ist 
summer was 400,000 fingerlings. A planting of 2437 
fingerlings would increase this amount by 6%. On 
the other hand, if we plant hatchery-reared bass in 
years from which the survival of native fingerlings 
was poor, we would expect survival of the introduced 
fish to be as bad or worse. The observed fate of the 
fingerlings planted in 1951 bears out this contention. 
Hence there is no point in planting fingerling bass in 
either warm or cold seasons. 

Up to 1956, the age groups best represented in the 
catch have been fish 5-yrs-old and older, because of 
minimum legal length limits in force. As shown by 
the results of type-three and -four productivity analy- 
ses, this has been resulted in low utilization of the re- 
source. In 1956, minimum legal length limits were 
removed. The result, as shown in Table 7, is that 4- 
yr-old fish figured much more prominently in the 
1956 catch (presumably, though, the very poor 
hatches of 1950 and 1951 also contributed to this 
effect). Change in age structure of the catch, coupled 
with increased total effort, will result in much more 
efficient utilization of the resource, in that less of the 
biomass production of lower age groups will be lost 
to natural mortality. 


GENERAL THEORY OF 
POPULATION PRODUCTIVITY 
In this section we shall attempt to draw out cer- 
tain principles governing population productivity 
that emerge from this paper and the first in the series 
(Watt 1955). 
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In the earlier paper, we saw that different indices 
of population productivity could be differently af- 
fected by the same factor. Here, also, for example, 
temperature has a great effect on growth in the 2nd 
and 3rd years of life, but not on survival in the same 
years. The implication of this point is that when 
constructing mathematical models for predicting and 
maximizing the productivity of a population, we must 
take some care in choice and definition of the index 
of productivity. Requirements for maximizing pro- 
ductivity, measured as numbers of 4-yr-old bass, are 
not the same as those for maximizing biomass of 4- 
yr-old bass, and a fishing regimen to maximize biomass 
production of 6-yr-old bass is quite different from 
that required to maximize biomass production of 4- 
yr-old bass. Final decision must rest with the ad- 
ministrative officer. Does he think sportsmen are 
most interested in getting some large fish or large 
numbers of small fish? 

A second important general conclusion from the 
two papers is that the form of interaction of inde- 
pendent variables governing production is joint, not 
additive. In other words, factors governing recruit- 
ment, survival and growth compete with each other. 

A third point is noteworthy. My earlier paper 
(Watt 1955) demonstrated the fallacy in incorporat- 
ing the logistic curve of population growth into equa- 
tions of optimum yield. In the present paper we 
have seen how another equation based on a priori 
considerations, Bertalanffy’s growth function, does 
not fit the facts too exactly. It seems that the form of 
equations for use in predicting and managing com- 
plex biological phenomena must be dictated by the 
ultimate reality for the phenomenon, the data them- 
selves, not by a priori deductions. 

A fourth conclusion is that population produe- 
tivity can only be increased for populations in which 
there is intraspecific competition pressure directed 
against growth, fecundity and/or survival in the ab- 
sence of exploitation. The implication of this fact is 
that a measure of intraspecific competition pressure 
in a population is also a good measure of potential 
productivity by the population. 

Finally, as before, we have demonstrated that 
models of productivity must be based on the numbers 
of individuals left behind in the population rather 
than the numbers removed, and the age structure of 
the numbers left behind. All population research 
must concern itself with age structure for two reasons. 
First, everything about an animal of population sig- 
nificance (growth, survival, mobility tendency and 
fecundity included) depends on the age of the animal. 
Second, it is impossible to understand the relation- 
ships between causes and effects until we can isolate 
both in time, for each relationship. 

In addition to the general conclusions applicable 
to both field and laboratory populations under ex- 
ploitation, we can draw some general conclusions 
peculiar to field studies. This study has yielded some 
indication of the amount of data required to con- 
struct useful models for predicting and maximizing 


PRODUCTIVITY IN A BAss PopuLATION 


39] 


the yield of a reasonably large fish population. In 
my opinion, a minimum of 1000 scales per year should 
be read for about 30 years to get a mathematical 
model which would give reasonably complete insight 
into the fishery. Furthermore, it appears that a de- 
terministic model is legitimately applicable only in a 
fishery taking about 10,000 or more fish a year. Be- 
low this level, chance plays such a relatively impor- 
tant role in dynamies of the population and in the 
fishing process that a stochastic model is required. 

Descriptive models such as the Royce-Schuck equa- 
tion, based only on catch and effort data work best 
where the environment is relatively stable through 
time. 

The type four model will only work well where 
fishing intensities have covered a wide range of values, 
and a great amount and variety of types of data for 
the population are available. 


SUMMARY 


Methods for estimating vital parameters of a fish 
stock and for four mathematical models of productiv- 
ity have been applied to a sport fishery for small- 
mouth black bass, Micropterus dolomieu Lacépéde. in 
South Bay, an arm of Lake Huron. 

Data used in the analysis included 5206 seale 
samples collected during a creel census from 1947 to 
1956, inclusive, which also collected cateh-effort data, 
lengths, weights, stomach contents and other infor- 
mation on individual fish. The population was trap- 
netted throughout the period, generally in the spring 
prior to the fishing season. Netted bass were tagged 
and fin-clipped, or just fin-clipped, and released, thus 
allowing mark recapture estimates to be made. Scale 
samples were collected from all netted bass. 

Since a variety of types of data were available for 
the population, it has been used as a test case to com- 
pare mathematical models for population estimation 
and to predict and maximize population productivity. 
Attempts were made to obtain Petersen and modified 
Petersen estimates from anglers’ recaptures of marked 
fish, and a variety of types of methods using catch- 
effort and virtual population data. It developed that 
all types of estimates needed a variety of corrections. 
When these corrections were introduced, comparable 
estimates for numbers of six year olds extant were ob- 
tained using three different procedures. 

An IBM type 650 electronic computer was used 
to back-ealeulate lengths and weights of fish at all 
birthdays from scale measurement data. The weights 
so calculated yielded unbiased estimates of mean 
weight for use in biomass productivity calculations. 
The back calculated lengths were used to generate 
length distributions of total extant populations of 
four year olds in year t. Such distributions were com- 
pared with those from four year olds caught in t to 
develop gear selectivity corrections. 

When four mathematical models of population 
productivity were applied to the population, it turned 
out that all of them were deficient in one or more re- 
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spects. These weaknesses reflected inadequacies in 
the input data, which were from a small fishery, for 
which relatively small amounts of information col- 
lected over only a ten year period were available. 
Since a great deal of information was collected on 
this fishery relative to other freshwater fisheries, how- 
ever, it means that government agencies must raise 
their data-collection requirements to very high levels 
if they intend to predict a fishery within narrow con- 
fidence intervals, or manage a fishery using field data 
in the models. 

The conclusion was that South Bay smallmouth 
black bass were very much underexploited, but more 
data collected over an increased range of fishing in- 
tensities will be necessary to determine the fishing 
intensity for optimum yield under any given set of 
environmental conditions. Management of the re- 
source is most productive when no legal minimum 
length limit is in foree. 

Certain general conclusions may be drawn from 
the first two papers in this series. Different indices 


of population productivity are differently affected by 
the same factor; independent variables in complex 
systems have joint, not additive interaction; forms of 
equations deduced from a priori considerations may 
be misleading, and mathematical models of population 
productivity should ideally be developed in terms of 
size and age structure of population left behind after 


harvest. Finally, a most important conclusion is that 
for given environmental conditions, productivity can 
only be inereased by exploitation if intraspecific com- 
petition was present in the unfished population. 
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